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TURBINE  ENGINE  PARTICULATE  EMISSION  CHARACTERIZATION 


1.  INTRODUCTION 


Mass  emission  levels  of  particulate  material  from  selected 
types  of  commercial  aircraft  turbojet  enp.ines  have  been  iiuuis- 
ured.  However,  the  physical  and  chemical  characteristics  of 
tne  emitted  particles  has  not  received  comprehensive  investi- 
gation, The  particulate  material  sampler  described  in  this 
report  was  designed  in  cooperation  with  the  Unites  States 
Federal  Aviation  Administration  to  generate  data  regarding 
the  nature  of  the  engine's  exhaust  particles.  The  dominant 
design  feature  of  the  sampler  is  the  bifurcation  of  the  extra- 
cted exhaust  sample  --  the  larger  portion  for  bulk  analysis 
and  the  smaller  for  detailed  particulate  characterization. 

Mandatory  in  the  design  of  the  sampler  is  the  acquisi- 
tion of  a representative  sample  of  the  particulate  material. 
Bias  within  the  collected  sample  can  alter  the  measurement 
results.  To  ensure  that  the  sample  is  representative,  con- 
sideration has  been  given  to  isokinetic  sampling,  sampling 
nozzle  configuration,  location  of  the  sampling  nozzle  array 
at  the  exit  plane  of  the  engine,  and  particle  deposition 
within  the  sampling  line  to  the  point  of  particle  collection. 

The  information  generated  by  the  sampler  includes; 

• Particle  size  and  shape  ranging  trom  0.001  bm 

• Particle  chemical  composition 

• Particulate  mass  emission  rate 

The  particle  size  and  shape  data  are  obtained  from  analysis 
of  the  smaller  of  the  two  sample  flow  streams.  Direct  analy- 
sis of  the  collected  particulate  samples  by  an  electron  micro- 
scope enables  attainment  of  the  required  0.001  pm  size 
resolution.  The  resultant  photomicrographs  yields  particle 
size  distributions,  the  variation  of  particle  shape  parameters 
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with  size,  and  general  particle  morphology.  Elemental  analy- 
sis through  the  X-ray  probe  (electron  microscope)  of  the  col- 
lected particulate  sample  provides  chemical  data  on  the 
particle's  composition.  An  electrical  aerosol  analyzer  is 
installed  parallel  to  the  electron  microscope  collection 
stage.  This  instriuiient  provides  real-time  particle  size  data 
in  the  range  of  0.01  to  0.7  urn  size  range  and  serves  to  indi- 
cate the  "operating  behavior"  of  the  sampler.  The  main 
(larger)  sample  flow  stream  undergoes  filtration  collecting  a 
bulk  sample  of  the  particulate  material.  The  mass  emission 
rate  is  determinable  through  gravimetric  weighing,  and  bulk 
chemical  analyses  --  trace  elements  and  organic  constituents  -- 
can  be  performed. 

The  following  text  discusses  the  design  decisions  made 
in  regard  to  the  sampler.  The  sample  flow  rates,  probe 
geometries,  sample  tube  diameters,  location  of  the  particle 
collection  "stage",  and  sample  conditioner  are  all  given. 

The  last  section  gives  design  drawings  of  the  major  compon- 
ents where  complicated  fabrication  is  required. 
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REVIEW  OF  THE  LITERATURE 


The  literature  review  was  conducted  in  two  parts.  A 
comprehensive  search  was  performed  with  the  aid  of  a com- 
puterized system.  Results  of  this  work  were  augmented  with 
a separate  but  limited  manual  search.  After  completion  of 
both  parts,  the  literature  was  merged  to  form  a .single  list. 

The  significant  literature  is  discussed  as  it  relates  to  the 
design  of  the  particulate  sampler. 

2 . 1 Computerized  Literature  Search 

Several  different  data  bases  were  selected  for  searching 
due  to  their  extensive  abstracting  of  the  open  literature. 

The  sources  investigated  include: 

• Chemical  Abstracts  (January  1969-present) 

• National  Technical  Information  Service  (January  1969- 
present  ) 

• Defense  Documentation  Center 

Air  Pollution  Technical  Information  Center 

• Biological  Abstracts 

• Smithsonian  Science  Information  Exchange 

• Pollution  Abstracts  (1972-present) 

• IEEE: 

INSPEC  1 Computer  and  Controls 
INSPEC  3 Electrical  Engineering 

• IFI-PLEMUM,  U.S.  Patents 

In  this  review,  over  9,000  citations  were  identified  and 
approximately  300  were  examined.  Exploratory  searches  through 
Biological  Abstracts,  IEEE,  and  U.S.  Pateni  s ( 1 FI  - PLEirUM)  data 
b.iscs  yicldeil  little  iaformation  and  were  consequently  ilropped. 

The  goal  of  the  computer  literature  search  is  the  con- 
struction of  a worlcing  bibliography.  The  bibliography 
generated  here  resulted  in  the  systematic  collection  of 
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pertinent  articles.  Over  150  articles  and  reports  were 
secured  during  the  conduct  of  Phase  I. 

2 . 2 Aircraft  Engine  Exhaust  Particulate  Samp 1 ing 

Particulate  emissions  from  aircraft  turbine  engines  has 
only  received  partial  investigation  to  date.  Limited  exiiaust 
particle  sixe  data  is  available,  some  chemical  analysis  ilata 
is  available  on  tlie  particulate  material,  and  incomnlete  mass 
emission  data  for  each  engine  is  available.  A thorough 
I'eview  of  the  particulate  sampling  and  measvirement  work  per- 
formed to  date  is  necessary  to  gain  experience  and  avoid  the 
common  difficulties. 

Particulate  extraction  procedures  from  the  exit  plane 
of  the  engine  have  been  specified  for  the  purpose  of  obtaining 
smoke  number  data  in  ARP  1179  (1).  All  operating  conditions 
are  defined,  and  all  construction  details  are  specified.  A 

3 

single  sampling  nozzle  is  used  to  extract  the  1.7  m /hr 
(1.0  scfm)  sample  flow  rate.  The  determination  of  a smoke 
number  requires  only  a small  amount  of  material  and  no  pre- 
cautions for  sample  preservation.  Problems  with  preservation 
include  both  transport  of  the  "aerosol"  itself  and  chemical 
stability  of  the  particulate  material  once  collected.  To 
date,  the  EPA  has  not  specified  any  standards  for  particulate 
emissions  from  aircraft  engines  and,  therefore,  a standard 
method  for  collection  does  not  exist.  This  being  the  situa- 
tion, a comprehensive  literature  search  was  undertaken  to 
study  all  the  gas  turbine  exhaust  sampling  methods  used 
recently. 

Nelson  (2)  investigated  two  commercial  engines  --  JT3D  and 
JT8D.  A 12-point  sampling  probe  was  used  --  three  sampling 
nozzles  located  radially  at  the  centroid  of  four  quadrants 
equally  spaced.  Only  total  particulate  emissions  were  obtained 
employing  the  Los  Angeles  County  Air  Pollution  Control  District 
Method  (3).  This  sampling  train  consists  of  three  Greenberg- 
Smith  impingers  in  series,  a Whatman  thimble  filter,  a vacuum 
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pump,  and  flow  measurement  instrumentation.  Klarman  (A) 
has  investigated  the  applicability  of  common  stationary 
source  sampling  methods  --  EPA  Method  5 Particulate 
Sampling  Train  for  the  determination  of  the  concentration 
of  particulate  material.  In  the  tests  performed  by  Klarman, 
a J57-P8B  engine  was  used  where  the  mean  particulate  con- 

3 

centration  of  the  exhaust  gas  was  0.08064  gm/m  (mea.sured  by 
EPA  (Environmental  Protection  Agency)  particulate  sampling 
train)  and  the  mean  deviation  was  28.5  percent  between  dupli- 
cate samples.  These  results  indicate  the  precision  presently 
available  with  standard  methods. 

Use  of  the  stationary  source  sampling  methods  are  not 
appropriate  for  detailed  characterization  of  the  exhaust 
particles.  First,  particle  size  and  shape  are  important, 
thus,  at  least  requiring  modifications  in  the  method.  Second, 
Che  actual  mass  collected  (or  sampling  flow  rate)  is  not 
great  enough  for  detailed  chemical  analysis.  And  third,  the 
question  of  obtaining  a representative  sample  is  unresolved 
as  the  sampling  probe  is  essentially  a single  point.  The 
EPA  method  and  numerous  others  employ  single-point  methods 
and  arc  generally  successful  because  they  can  be  easily 
designed  to  accomodate  a specific  application.  A single- 
point probe  is  not  appropriate  for  turbine  engine  sampling 
as  the  location  and/or  positioning  mechanism  present  enor- 
mous problems.  The  time  required  to  obtain  a representative 
sample  through  "single-point  sampling  is  also  prohibitive. 

Johansen  and  Kumm  (5)  have  reported  experimental  data 
relating  to  the  sampling  of  particulate  material  behind 
turbine  engines.  The  test  data  reported  was  concentrated  on 
a TPE  331  turboprop  engine  (single  shaft).  Some  data  is 
given  concerning  the  JT8D  engine.  Separate  exit  plane 
mapping  was  performed  for  particulate  mass  using  21  points 
located  at  the  centroid  of  equal  areas.  The  mapping  was 
performed  over  four  power  levels  (TPE  331);  idle,  307o  rated 
power,  907o  rated  power,  and  1007,  rated  power.  The  probe 
configuration  used  was  the  l2-]ioint  cruciform.  The  reported 
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particulate  mass  emission  rate  \;as  approximately  1.5  to  2.0 
times  the  results  obtained  throvi;»h  manninp, . Uo  explanation 
for  mass  emission  rate  discrepancy  was  offered  by  Johansen  (0) 
but  probably  resiilted  through  sampling  difficulties. 

The  JT8D  engine  was  sampled  at  30  and  85  percent  rated 
power.  The  12-point  cruciform  probe  v;as  also  uscii  here  by 
Johansen  and  Kunun  (5).  Rotation  of  the  probe  through  9 )° 
was  performed  where  variation  of  the  particulate  material 
emitted  with  rotation  was  masked  by  overall  experimental 
variation.  The  results  obtained  are  given  in  Figure  1 where 
the  ambient  dust  levels  are  indicated.  Observed  is  the 
apparent  small  difference  between  the  307o  rated  power  level 
and  the  ambient  dust  level.  This  result  seem.s  unlikely  in 
comparison  to  the  reported  mass  emission  factors,  but  is 
conceivable  due  to  the  high  ambient  dust  levels  known  to 
exist  in  Phoenix,  Arizona  area  (68).  Detailed  mapping  of  the 
particulate  emissions  at  the  JT8D  exit  plane  were  not  per- 
formed. Tlierefore,  in  this  instance,  performance  of  the 
12-point  cruciform  probe  was  not  evaluated. 

Davidson  and  Domal  (7)  performed  limited  particulate 
emission  measurements  on  a J93  turbojet  engine.  High  alti- 
tude flight  conditions  were  simulated  over  a full  range  of 
engine  power  settings  including  the  afterburning  regime. 
Observed  was  a slight  change  in  total  emissions  with  com- 
bustor inlet  pressure  and  temperature.  This  may  indicate 
that  atmospheric  conditions  alone  could  affect  the  parti- 
culate material  in  quantity  or  quality,  or  both.  Results 
of  this  program  will  have  input  to  this  question. 

Particle  size  data  is  less  plentiful  in  the  literature. 
The  results  obtained,  however,  do  indicate  the  general  size 
range  of  the  exhaust  particles.  Hall  and  Shaf fermocker  (8) 
performed  emission  measurements  on  a J79  to  determine  parti- 
cle size  and  approximate  composition.  The  maximum  sampling 
Mach  number  was  0.7.  Table  1 gives  results  for  the  plume 

survey  conducted  at  the  exit  plane.  Teller  (9)  reports 
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Table  1 


EXIT  PLANE  PLUME 

SURVEY  OF  A J79 

TURBOJET  ENGINE  (8) 

Sample  Exhaust 

No.  Temp.  (°C) 

Particle  Size 
Range  (pm) 

Approximate  Composition 

1 639 

0.5  - 1 

887o  Carbon  107,  Metallic 

2 660 

1 - 2 

A57o  Carbon  507,  Metallic 

3 

595 

1 

-1.5 

807„ 

Carbon 

1 07o  Metallic 

4 

654 

1 

- 2 

00 

o 

Carbon 

127„  Metallic 

5 

616 

1 

- 2 

607o 

Carbon 

307o  Metallic 

6 

604 

1 

- 1.5 

507, 

Carbon 

507,  Metallic 
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results  of  other  studies  indicating  particle  size  to  be  in 
the  approximate  size  range  0.05  um  to  0.12  pm.  Photomicro- 
graphs taken  of  the  collected  particles  show  agglomerate 
chains  of  carbon  particles  --  as  many  as  20  submicron  parti- 
cles may  form  a chain.  Also,  probe  washings  yielded  anywhere 
from  35  to  957.,  of  the  toiai  collectetl  particulate.  Sampling^ 
system  details  were  noi  g.iven. 

Sem  (10)  also  reports  that  jet  exhaust  contains  hig,h 
concentrations  of  submicron  particles.  A bag  sample  of  the 
exhaust  was  obtained  on  take-off  with  an  instrumented  air- 
craft about  two  minutes  after  the  runway  was  used  by  a com- 
mercial jetliner.  The  resulting  distribution  was  obtained 
with  an  electrical  aerosol  analyzer  and  is  shown  in  Figure  2. 
The  particle  size  distribution  may  not  represent  the  exhaust 
from  a specific  engine  type  because  previous  airport  traffic 
and  surrounding  sources  of  particulate  emissions  may  have 
interfered.  Subsequent  dilution  and  aging  of  (he  aerosol 
may  also  have  changed  its  size  distribution  from  the  initial 
condition . 

Roderick  (11)  has  also  collected  and  measured  the  size 
distribution  of  aircraft  engine  exhaust  particles  using  a 
scanning  electron  microscope.  An  electrostatic  precipitator 
was  used  to  collect  the  particles  directly  onto  electron 
microscope  (EM)  grids.  Calibration  of  the  electrostatic 
precipitator  was  performed  against  a thermal  precipitator 
where  the  collection  efficiencies  can  be  reliably  calculated. 
The  calibration  was  necessary  because  the  electrostatic  pre- 
cipitator is  known  to  exhibit  collection  efficiencies  varying 
with  particle  size.  Results  from  the  calibration  indicated 
a very  low  but  uniform  collection  efficiency  over  the  parti- 
cle size  range  of  interest  --  approximately  0.005  to  0.1  wm. 
Therefore,  corrections  resulting  from  sample  bias  were  not 
required . 

Results  of  Roderick's  microscopic  analysis  indicates 
that  the  count  mean  size  was  0.02  um.  Ho  also  points  out 
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the  importance  of  the  instrument's  resolution  and  how  results 
can  be  biased  as  a result.  Microscopes  of  lesser  resolution 
tend  to  shift  the  mean  count  size  toward  larger  sizes.  Looking 
back  to  Figure  2 . note  that  the  count  mean  size  (number  concen- 
tration) is  about  0.023  ,im  which  is  very  near  Boderick's 
0.02  pm.  This  suggests  that  the  electrical  aerosol  analyzer 
is  applicable  to  size  analysis  of  the  exhaust  particles. 

The  U.S.  Navy,  under  the  direction  of  Longley-Cook  and 
Michalec,  is  directing  an  ongoing  program  conducted  by 
Aerotherm  in  Mountain  View,  California,  to  construct  an  exhaust 
particulate  sampler  (12).  The  U.S.  Air  Force  is  also  involved 
through  supplemental  funding.  The  sampler  is  directed  toward 
meeting  the  EPA  Method  5 criteria  for  sampling  stationary 
sources.  This  approach  is  necessitated  by  the  classification 
of  engine  test  cells  as  stationary  sources.  Although  the 
original  design  of  the  sampler  meets  the  sampling  criteria, 
funding  difficulties  to  date  have  required  compromises  that 
fail  to  meet  the  sampling  criteria.  The  sampling  probe  is  a 
single  nozzle,  thus  mandating  a traversing  mechanism  to  obtain 
a representative  sample  from  the  tailpipe  exit  plane  of  an 
engine.  At  present,  the  traversing  mechanism  is  deleted  from 
the  sampler  package.  For  the  determination  of  mass  emission 
rates,  a four  filter  turret  was  considered  necessary  to  avoid 
the  manual  changing  of  filter  paper  after  each  sample  is 
obtained.  Also,  the  moisture  content  of  the  exhaust  gas  was 
to  be  measured  automatically  and  real-time,  but  was  deleted. 
However,  an  electrical  aerosol  analyzer  (EAA)  is  included 
in  the  sampler  to  determine  the  size  distribution  of  the 
submicron  particles. 

Operation  of  the  Navy's  exhaust  particulate  sampler 
was  observed  during  December  1975  at  Alameda,  California. 
Although  formal  data  was  not  obtained,  the  mean  size  of  the 
exhaust  particles  was  approximately  0.3  um.  A long  sample 
tube  was  used  to  transport  the  particles  to  the  Et\i\  and, 
therefore,  probably  introduced  a bias  in  the  size  data. 
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Mass  emission  rates  were  not  determined  and  the  complex 
sample  flow  control  system  malfunctioned. 

Shabod  and  Smirnov  (13)  have  recently  collected  sam- 
ples from  a turbojet  (TU-104)  aircraft  enj^ine  to  determine 
PNA  compound  content  --  specifically  benzo (a) pyrene  (BaP) . 

Soot  obtained  from  the  exhaust  nozzle  walls  contained 
350  kg  ^ of  BaP  for  the  turbojet  engine.  Higher  concen- 
trations of  BaP  were  measureci  --  2 7,000  ijg  kg  ^ --  when  the 
engine  was  operated  in  a test  stand  and  special  sampling 
procedures  applied.  The  collection  method  is  not  described 
in  detail,  but  the  use  of  benzol  adsorbents  is  indicated. 

The  total  BaP  emission  rate  of  the  engine  operating  at 
10,500  rpm  (engine  air  flow  and  fuel  flow  not  given)  was 
2,000  to  4,000  pg/min.  Additional  tests  were  conducted  to 
determine  how  fuel  might  effect  emission  of  BaP.  The  emission 
rate  of  BaP  was  reduced  witn  a kerosene- type  fuel  containing 
a magnesium  additive  by  32“/o  and  was  also  reduced  by  59%  with 
dearomatized  fuel.  I'Thile  the  total  BaP  mass  emission  rate 
increased  uniformly  with  engine  speed,  the  reductions  were 
consistent . 

A design  study  has  recently  been  completed  by  Fenton  (14) 
regarding  the  design  of  an  aircraft  engine  sampler  specific 
for  the  polynuclear  aromatic  (PNA)  content  of  the  particulate 
material.  In  the  study,  the  chemical  analysis  method'  speci- 
fied required  approximately  1 gram  of  exhaust  particulate 
material.  A sampling  configuration  was  recommended  which 
collected  a representative  particulate  sample  of  the  required 
mass  and  met  the  time  constraints  imposed  by  the  engine's  oper- 
ation in  a test  cell.  An  important  factor  was  the  degradation 
and  volatility  of  certain  PNA  species  as  a function  of  temp- 
erature. These  materials  must  first  be  condensed  to  the  parti- 
culate form  and  then  maintained  at  as  low  a temperature  as  prac- 
tical for  overall  stability  of  the  sample.  Results  from  this 
work,  therefore,  have  implication  to  the  present  sampler  under 
design  --  samples  undergoing  organic  chemical  analysis  should 
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be  collected  at  a minimum  temperature  and  stored  properly 
to  reduce  the  species  stability  problem. 

Conkle,  et  al.  (15)  const^ructed  a multistage  cyrogenic 
trapping  system  to  collect  the  organic  portion  of  the 
engine's  exhaust  gas.  Actually,  a single  combustor  from  a 
T-56  engine  was  used  to  generate  the  exhaust.  A very  com- 
prehensive analysis  of  the  organic  portion  of  the  parti- 
culates was  achieved  utilizing  a coupled  gas  chromatograph- 
mass  spectrometer  system.  However,  more  collected  material 
was  necessary  for  adequate  quantification. 

Gearhart  and  Benek  (16)  applied  ARP  1179  sampling 
methods  to  a J85-GE-5  turboiet.  The  power  range  investigated 
included  afterburning.  A small  diameter  (0.94  cm  I.D.)  sample 
transport  pipe  15.3  m long  was  used.  Deposition  losses  were 
probably  large  but  were  not  determined.  The  engine  was  oper- 
ated outdoors  and  downstream  measurements  were  made.  From 
the  results  obtained,  turbulent  mixing  dominated  spreading 
of  the  plume.  Increasing,  t'ne  pov^er  from  idle  increased  the 
smoke  number  until  rate.l  power  ^;as  achieved.  .Ambient  teiit^cjra- 
ture  and  relative  humidity  changes  (-2  to  27°C,  20  to  50?o) 
did  not  influence  the  smolce  number  data. 

2 . 3 Aircraft  Engine  Exhaust  Sampling 

Because  sampling,  exhaust  particles  behind  aircraft 
engines  has  only  received  casual  interest  to  date,  metliotls 
and  results  obtained  through  gaseous  pollutant  sampling 
are  considereil  important.  Sampling  probe  design  has  been 
investigated  to  some  extent  for  gaseous  sampling  and  thi;; 
information  will  be  used  in  determining  the  l inal  config- 
uration of  the  probe  used  here. 

Sampling  at  the  engine  exit  plant  uith  mulitple- inlet 
probes  has  been  investigated  by  Vaught,  et,  al.  (17),  Nelson  (2), 
Klueg  and  Slusher  (13),  and  Souza  (19,  20).  The  samnling 
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probe  geometry  varieil  in  each  of  the  studies,  but  the  Roal 
was  to  obtain  a representative  sample.  Substantial  improve- 
ment over  any  one  single-point  measurement  was  achieved  with 
each  of  those  probes  for  gaseous  emission  sampling. 

Vaught,  et  al.  (17)  used  a 28-hole  sampling  probe  to 
give  a representative  sample  of  the  exhaust  from  a T-56 
engine.  The  probe  is  claimed  to  correct  for  radial  distri- 
butions within  the  exhaust  jet.  The  probe  clamiped  directly 
onto  the  engine's  tailpipe  flange  and  sampled  at  the  centroid 
of  four  equal  quadrants.  All  but  57o  of  the  carbon  was 

accounted  for  in  an  overall  carbon  balance.  Sample  flow  rate 
3 

was  1.7  m /hr  (1.0  scfm) , and  the  sampling  system  corre- 
sponded to  ARP  1256  (21),  which  is  only  concerned  with  the 
continuous  sampling  of  exhaust  gases. 

Nelson  (2)  used  a 12-point  cruciform  applied  to  the 
JT3D,  JT8D,  and  JT9D  engines.  The  probe  was  located  approxi- 
mately 25  cm  downstream  from  the  exit  plane  of  each  engine 
(exit  mixing  tube  for  JT9D)  to  insure  no  impairment  of  engine 
performance.  Distances  of  5 and  15  cm  were  evaluated  in  a 
preliminary  manner  and  observed  to  influence  engine  perform- 
ance. The  magnitude  of  the  influence  is  not  given  but  does 
depend  on  the  projected  cross-sectional  area  of  the  probe 
normal  to  the  flow.  Reduction  of  the  cross-sectional  area  per- 
mits closer  placement  of  the  probe  to  the  exit  plane. 

Nelson  evaluated  the  12-point  cruciform  by  separately 
measuring  and  analyzing  the  flow  through  each  sampling  nozzle. 
This  was  achieved  by  the  addition  of  12  solenoid-activated 
valves.  The  summation  of  the  individual  sampling  nozzle 
average  fell  within  37>  of  the  measurement  obtained  from 
the  complete  probe.  The  emissions  used  in  this  evaluation 
included  NO^,  CO,  and  total  hydrocarbons.  Particulate 
material  was  not  evaluated.  However,  for  the  objectives  of 
this  FAA  study,  the  evaluation  procedure  used  by  Nelson  is 
considered  to  be  biased  because  a separate  mapping  of  the 

exit  plane  conditions  was  not  performed. 
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Klueg  and  Slusher  (18)  made  detailed  measurements  of 
exhaust  emissions  from  a JT8D  turbofan  engine  using  both 
single  and  multiple-point  sampling  procedures.  Results  ob- 
tained for  NO^ , CO,  and  total  hydrocarbons  indicate  that 
stratification  effects  within  the  exhaust  jet  can  only  be 
overcome  with  mixing-type  sampling  probes.  Stratification 
problems  are  even  more  pronounced  with  mixed-flow  turbofan 
engines.  Also  noted  durinj’,  the  study  was  the  influence  tliat 
the  bearing  support  struts  and  the  segregated  combustion 
zones  had  on  the  emission  patterns.  The  recommended  shape 
for  the  sampling  probe  is  a diamond  with  sampling  ports 
located  at  627„  of  the  nozzle  radius.  Diameter  of  the 
sampling  ports  was  approximately  0.0762  cm  (0.030  in.). 

This  diamond  shaped  probe  gave  results  to  within  10?o  of 
the  detailed  mapping  for  each  of  the  three  gaseous  emissions 
measured . 

Souza  (19)  conducted  a program  where  emissions  of 
military  aircraft  engines  were  determined.  The  engines 
tested  were  the  J52,  J57,  and  TF30,  and  the  gases  measured 
were  CO,  , total  hydrocarbons,  and  aldehydes.  The  equip- 
ment used  to  collect  tlie  aldehydes  included  two  glass 
bubblers  in  series,  wet  test  meter,  and  a vacuum  pump.  A 
predetermined  volume  of  exhaust  gas  was  passed  through  the 
bubblers  using  0.067,  sulfamic  acid  solution  which  retained 
the  aldehydes.  Subsequent  chemical  analysis  (MBTH  method) 
was  used  to  determine  the  aldehyde  content.  Figure  3 shows 
the  results  obtained  for  the  aldehyde  measurements.  Note 
that  the  aldehyde  generation  rate  is  significantly  greater 
at  idle  compared  to  the  other  three  power  settings  tested. 

It  is  likely  that  the  JT3D,  JT8D,  and  JT9D  will  exhibit 
similar  behavior  regarding  organics.  The  sampling  probe 
used,  though  not  discussed,  was  apparently  of  the  single- 
point  type. 

Souza  (20)  has  completed  a study  that  investigated 
the  variability  in  gas  turbine  engine  sampling  due  solely 
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Figure  3 

ALDEHYDE  EMISSIONS  AS  A FUNCTION  OF  P01-7ER  SETTING 
WITH  ENGINE  TO  ENGINE  VARIATIONS  (19) 
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to  the  sampling  probe  itself.  Separately  measured  exit 
plane  profiles  of  gaseous  exhaust  pollutants  were  obtained 
by  detailed  mapping  incorporating  a single-point  traversing 
sampling  probe.  Then  mixing-type  sampling  probes  were  sjb- 
jected  to  the  same  conditions  and  the  results  obtained  om- 
pared  to  the  area  weighted  average  result  of  the  detai  -d 
mapping.  Four  mixing-type  probes  were  tested; 

• 12-point  cruciform  probe  (EPA) 

• 12-point  diamond  pattern  ('^ltional  A'  .or.  : if  ' ^ty 

Engineering  Center,  llAFEC) 

• 12-point  cruciform  probi  . npir.  .jo’  patle 

• 24-point  cruciform  probe 

A probe  manipulator  posit  roned  tl'.  ■ r'  ri  c 1.: -point  probes 
behind  the  engine  (modified  TF-  . auf'  .atically,  thus 
avoiding  problems  with  variability  f iuplicating  engine 
power  settings  and  changing  atmospheric  n.  itions.  In 
the  evaluation  of  the  results,  variations  occurred  in  emis- 
sion rates  between  the  time  of  the  detailed  mapping  and  the 
mixing  probe  tests,  from  day  to  day,  and  even  with  individual 
test  runs.  These  variations  were  found  to  be  of  approximately 
the  same  magnitude  as  the  differences  between  the  mixing 
probe  types  and  the  angular  position  of  any  one  mixing  probe. 
Performance  of  the  three  12-point  mixing  probes  were  found 
to  be  within  107o  of  each  other  for  a significant  majority  of 
the  data.  This  means,  in  a practical  sense,  that  probe 
geometry  of  either  of  the  three  types  can  be  used  with  good 
assurance  of  obtaining  a representative  sample  of  gaseous 
exhaust  pollutants  generated  by  a TF-30.  The  24-point  probe 
was  evaluated  separately  and  performed  in  a similar  fashion 
to  the  three  12-point  probes  --  no  observable  improvement. 
Careful  analysis  of  the  exit  plane  pollutant  profiles  is 
required  also  for  the  JT3D,  JT8D,  and  JT9D  before  similar 
assurance  can  be  given. 
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The  effect  of  probe  rotation  on  overall  performance  was 
also  evaluated  by  Souza  (20) . When  the  12-point  cruciform 
and  12-point  spiral  was  positioned  between  15°  and  45°,  the 
sampled  emissions  increased  by  15  to  20  percent.  This  fact 
can  be  explained  by  the  non-syrnmetrica  1 distribution  of  the 
chemical  species  at  the  exit  plane.  The  NAFIX  diamond 
demonstrateii  approximately  the  same  variation  upon  rotation. 
However,  with  the  NAFEC  diamond,  the  sampling  nozzle  locations 
were  selected  directly  from  exit  plane  emission  maps  and  the 
application  of  statistical  methods.  The  result  of  the  analysis 
placed  the  12  assigned  sampling  nozzles  in  groups  of  three 
located  62  percent  of  the  distance  outward  on  four  radial 
arms  45°  from  the  vertical  centerline.  Therefore,  rotation 
experiments  with  the  NAFEC  diamond  are  probably  not  approp- 
riate although  performance  is  typical  of  the  two  other  probe 
conf igura  t ions . 

Lyon  (22)  has  recently  developed  procedures  for  gaseous 
emissions  measurement  of  afterburning  engines.  Because  the 
chemical  composition  of  the  exhaust  was  important,  an  imme- 
diate quench  was  employed  to  freeze  the  reactions.  The  gas 
analysis  system  measured  the  concentrations  of  CO,  CO2 , NO, 

NO^,  and  unburned  hydrocarbons.  The  pump  used  to  tran.sport 
the  sample  was  placed  directly  downstream  from  the  probe 
inlet.  In  this  way,  the  pressure  within  the  probe  (less 
than  4,200  kg/m")  provided  the  "aerodynamic"  quench.  Smoke 
number  measurements  were  attempted  but  proved  impossible 
because  of  pump  location  and  long  sampling  lines. 

The  effect  of  ambient  conditions  of  the  emissions  from 
turbine  engines  has  been  investigated  experimentally  by 
Souza  (20,23)  and  Vaught  (24).  Souza's  work  utilized  a 
military  aircraft  engine  (TF-30)  while  Vaught's  was  con- 
cerned with  a stationary  gas  turbine  used  for  industrial 
applications  (Allison  model  AG9102-2) . The  results  obtained 
by  both  only  pertain  to  gaseous  pollutants,  and  as  yet,  no 
work  has  been  done  with  the  effects  on  exhaust  particles. 
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In  the  work  by  Souza,  additional  sources  of  variation 
clouded  the  emission  changes  attributed  to  atmospheric  con- 
ditions, but  distinct  trends  were  observed  amounting  to  over 
15  percent  at  rated  power  for  total  hydrocarbon  content. 
Vaught's  work,  however,  indicates  detailed  trends  as  shown 
in  Figures  4 and  5.  Figure  4 shows  the  variation  in  smoke 
number  with  output  horsepower  and  compressor  inlet  tempera- 
ture. The  effect  of  inlet  pressure  on  both  CO  and  total 
hydrocarbon  content  is  shown  in  Figure  5.  How  the  exhaust 
particles  themselves  are  influenced  by  changing  atmospheric 
conditions  remains  unanswered. 

2 . 4 Isokinetic  Sampling 

To  insure  the  acquisition  of  a representative  sample  -- 
one  which  is  correct  with  respect  to  both  particle  size 
distribution  and  concentration  --  isokinetic  sampling  is 
usually  required.  Isokinetic  sampling  is  defined  as  the 
situation  where  the  gaseous  sample  is  withdrawn  at  the  same 
velocity  as  the  gas  stream  at  the  point  of  sampling.  If  the 
velocity  at  the  nozzle  inlet  does  not  match  that  of  the  gas 
stream,  an  erroneous  sample  is  collected  as  a result  of  the 
inertia  of  the  particles.  When  the  sampling  velocity  is 
less  than  the  gas  stream  velocity,  part  of  the  approaching 
stream  is  deflected.  The  light  particles  tend  to  follow  the 
streamlines  and  do  not  enter  the  probe,  but  the  heavier 
particles,  due  to  their  inertia,  continue  along  their  previous 
path  and  enter  the  nozzle.  As  a result,  a high  proportion 
of  the  heavier  particles  are  sampled  and  the  total  particulate 
mass  is  therefore  greater  than  expected.  On  the  other  hand, 
if  the  sampling  velocity  is  greater  than  the  main  stream 
velocity,  the  gas  stream  will  converge  towards  the  nozzle  in- 
let carrying  the  lighter  particles.  The  heavier  particles 
will  tend  to  continue  along  their  original  path  becavise  of 
their  greater  inertia  and  thus  miss  the  nozzle.  The  collected 
sample  will  contain  a relative  excess  of  the  lighter  particles 
and  the  particulate  mass  will  be  in  error  on  Mic  low  side. 
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Study  of  anisoV.inetic  sampling  dates  back  to  1911,  when 
Brady  and  Touzalin  (25)  made  measurements  with  coal  dust. 
Numerous  articles  have  appeared  since,  but  the  major  emphasis 
has  been  on  the  incompressible  flow  regime.  In  fact,  theoreti- 
cal or  experimental  data  regarding  anisokinetic  sampling 
within  the  compressible  flow  regime  has  not  appeared  in  the 
literature.  Therefore,  a brief  review  of  the  incompressible 
results  is  given  and  ongoing  research  investigating  isokine- 
tic sampling  within  compressible  flow  is  discussed. 

Determined  by  numerous  investigations  was  the  dependence 
of  the  sampling  error  (difference  between  the  measured  parti- 
culate concentration  and  the  true  particulate  concentration) 
on  both  the  particle's  inertia  and  the  ratio  of  sampling 
velocity  to  free  stream  velocity  (26,27,28).  Later,  Rouillard 
and  Valvona  (29)  made  careful  measurements  utilizing  hot  wire 
anemometry  showing  the  existence  of  a stagnation  zone  upstream 
from  the  sampling  nozzle.  Vitols  (30)  has  calculated  the 
entire  flow  field  assuming  an  ideal  frictionless  fluid  and  a 
nozzle  with  infinitesimally  thin  walls.  These  calculations 
gave  the  theoretical  sampling  errors  which  compared  favorably 
with  previous  anisokinetic  sampling  measurements.  Because  of 
the  assumption  concerning  thin  walls  of  the  sampling  probe, 
the  experimentally  varified  stagnation  zone  did  not  appear 
in  the  theoretical  results. 

l^itelev  and  Reed  (31)  performed  experiments  on  nozzles 
with  an  outs ide- to- inside  diameter  ratio  of  1.25  and  chamfers 
of  180°,  120°,  and  15°.  Significant  errors  were  observed 
from  isokinetic  conditions  when  the  chamfer  angle  varied  be- 
tween 120°  and  180°.  A negligible  effect  was  measured  for 
smaller  chamfer  angles.  The  effect  of  probe  stem  distance 
from  the  nozzle  was  also  studied.  Only  a small  change  in 
accuracy  occurred  when  changing  this  distance  from  4.8  to  1.6 
nozzle  diameters.  A similar  study  was  conducted  by  Smith  (32) 
where  the  larger  diameter  probes  were  seen  to  be  more  efficient 
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in  sampling  particles  ami  the  sharp-edged  nozzles  in  all  cases 
performed  better  than  the  blunt  nozzles.  Rouillard  and  Valvona's 
measurements  (29)  indicate  that  the  probe  stem  should  l)e  ap- 
proximately 10  nozzle  diameters  downstream. 

Fuchs  (33)  and  Parker  (34)  have  proposed  an  inerti.al 
parameter,  i|i , to  qualitatively  tlescribe  the  adherence  of  t he 
particles  to  the  g^aseous  streamlines.  The  inertial  parameter 
is 


where 


(11 


i)p  = density  of  particulate  material 
dp  = particle  diameter 

= free  stream  gaseous  velocity 
C = Cunningham  correction  factor 
u = dynamic  viscosity 

O 

D = sampling  no z. ’tie  diameter 


Particles  that  have  ip  < 0.05  follow  the  gaseous  streamlines 
and  will  be  sampled  correctly.  When  tj)  > 50,  gaseous  flow 
does  not  influence  the  particle  trajectories  at  all.  For 
0.05  < >1/  < 50,  the  particle  motion  is  altered  to  some  ex- 
tent . 

Sampling  errors  resulting  from  probe  alignment  are 
small  (''-  10  percent)  with  angles  approximately  30°  or  less 
(26).  In  addition  to  probe  alignment,  turbulent  motion 
within  the  fluid  itself  causes  some  lateral  motion  of  the 

particles  depending  upon  their  inertia.  Sampling  errors  , 

resulting  from  the  level  of  turbulence  relate  back  to  probe  | 

alignment  because  the  turbulence  causes  the  particle's  tra-  I 

t 

jectory  to  deviate  from  the  fluid  streamlines  defined  by  ; 
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the  mean  motion.  For  example,  assuming  a turbulent  intensity 
(normalized  velocity  of  fluctuating  component)  of  10  percent, 
the  deviation  in  particle  trajectory  would  be  about  5 percent 
and  therefore  resulting  in  negligible  sampling  error.  As 
the  turbulence  intensity  increases,  the  particle  trajectory 
deviation  would  also  increase  thus  increasing  the  "effective" 
sampling  probe  misalignment.  However,  the  turbulent  intensity 
would  have  to  be  very  large  before  sampling  errors  due  to  mis- 
alignment are  significant. 

The  incompressible  anisokinetic  sampling  literature 
reported  here  generalizes  on  two  points.  First,  the  sampling 
nozzle  should  be  as  streamlined  as  practical  with  sharp  edges. 
Second,  the  stem  should  be  approximately  10  nozzle  diameters 
downstream. 

Two  investigations  are  presently  underway  concerned  with 
sampling  problems  in  compressible  flow.  It  seems  reasonable 
to  suspect  that  shock  and  boundary  layer  effects  on  small 
diameter  probes  could  significantly  alter  the  particulate 
s^lmple  collected.  One  of  these  studies  was  mentioned  pre- 
viously - the  work  of  Aerotherm  Corporation  with  the  U.S. 

Navy  (12)  and  the  second  is  the  graduate  work  of  a Ph.O. 
candidate  at  Oregon  State  University,  Captain  Martone  (35). 
Both  these  studies  have  not  yet  generated  conclusive  results. 

The  Navy's  automated  sampler  had  a particularly  diffi- 
cult requirement  to  meet  - isokinetic  sampling  up  to  a Mach 
number  of  1.2.  The  probe  nozzle  geometry  designed  to  meet 
this  requirement  is  shown  in  Figure  6.  The  sampling  nozzle 
is  3/16  in.  and  the  material  of  construction  is  a special 
steel  alloy.  The  internal  wall  of  the  nozzle  within  the 
"shock-down"  region  is  roughened  to  trip  the  boundary  layer 
and  generate  relatively  weak  shock  diamonds  before  entering 
a normial  shock.  Therefore,  the  sample  velocity  Mach  number 
at  the  nozzle  entrance  can  be  greater  than  one.  Also,  in 
this  manner,  damage  to  the  particulate  sample  is  reduced  and 

NT  RESEARCH  INSTITUTE 


23 


ITTFU-C6352-  10 


pressure  recovery  is  improved.  The  capability  of  sampling 

isokinetically  in  supersonic  flows  is  not  required  in  the 
present  sampler  because  at  the  sampling  probe  tip,  the  ,Mach 

number  reaches  a maximum  of  1.0  for  take-off  power  settings. 
Upstream  from  the  probe  tip  --  at  the  exit  plane  of  the  exhaust 
noxzle  --  tlie  local  Mach  number  could  exceeding  unity  (especially 
the  JT3D  and  JT9D) . 

Captain  iku'tone  (35)  is  in  the  process  of  constructing 
test  equipment  where  controlled  sampling  experiments  can  be 
made  in  a supersonic  free  jet  which  also  contains  a mono- 
dispersed  aerosol.  Tlie  influence  of  sampling,  velocity  and 
probe-tip  g,eometry  will  be  investigated.  Both  of  these 
studies  will  be  monitored  as  the  results  obtained  will  define 
more  closely  the  errors  associated  with  anisokinetic  sampling 
within  compressible  flows. 

Private  communication  with  Klarmen  (36)  indicates  that 
variations  in  the  sampling,  velocity  at  the  exit  plane  of  an 
aircraft  turbine  eng.ine  of  + 25  percent  of  the  free  stream 
velocity  results  in  negligible  sampling  error.  The  CPA 
Method  5 sampling,  train  \;as  uschI  t:o  make  the  mass  measurements 
beliind  tlie  engine.  Klarman's  results  do  not  include  supersonic 
flows,  but  do  include  flows  approaching  the  sonic  condition. 

At  this  point,  in  the  absence  of  refined  experimental 
data,  a tolerance  of  P 25  percent  in  the  sampling  velocity 
referenced  to  the  exit  plane  velocity  seems  permissible. 

The  effect  that  anisokinetic  sampling  up  to  the  + 25  percent 
level  has  on  the  particle  size  distribution  is  undocumented 
but  is  preliminarily  investigated  in  a later  section. 

2 . 5 Summary  of  Literature  Review 

The  literature  pertaining  to  sampling  and  characterizing 
exhaust  particles  generated  by  aircraft  turbine  engines  is 
not  comprehensive.  Aerospace  Recommended  Practice  1179  (1) 
gives  procedures  for  determining  smoke  number  which  is  the 
only  accepted  measurement  of  particulate  loading.  Mass 
emission  rates  from  various  engines  have  been  measured 
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(2,4, 5, 7)  but  only  Johansen  and  Kumm  (5)  investigated  the 
experimental  difficulties  concerned  with  obtaining  reliable 
data.  Sem  (10)  has  informally  reported  a size  distribution 
of  turbine  etig,ine  generated  exiiaust  particles  where  the  count 
mean  size  was  0.023  um.  This  mean  particle  size  is  also  sup- 
ported by  the  microscopic  analysis  of  Roderick  (11). 

Gaseous  exhaust  sampling  of  engines  is  relevant  as  similar 
techniques  are  generally  employed.  Numerous  investigators 
(17,18,19,20,21,22)  have  made  careful  measurements  of  engine 
exhaust  pollutants-.  CO,  CO- , NO  and  total  hydrocarbons. 

The  measurements  are  simplified  because  the  species  of  interest 
are  gaseous  and  relatively  easy  to  handle.  With  gaseous 
sampling,  Klueg  and  Slusher  (18)  selected  a diamond  shaped 
sample-mixing  probe  based  on  engine  exit  plane  traverses  (JT8D) 
to  locate  the  12  sampling  nozzles.  Other  probe  configurations 
have  also  been  used  (area  weighted  and  related  modifications) 
but  Souza  (20)  has  investigated  three  of  the  common  probes  and 
concluded  that  significant  variations  do  not  occur  from  the 
probes  themselves.  Because  the  majority  of  the  sampling  ex- 
perience occurs  with  gaseous  sampling--this  data  was  used  as 
a guideline  in  designing  the  probe  specified  for  the  present 
sampler  under  consi dera r i on . 

Since  the  volumetric  flow  rates  from  commercial  turbine 
engines  is  extremely  large,  only  a portion  of  the  total 
exhaust  flow  is  required  for  analysis.  This  fact  raises  the 
question  of  isokinetic  sampling.  While  the  problems  asso- 
ciated with  isokinetic  sampling  are  well  understood  for 
incompressible  flows  (25,26,27,28,29,30,31,32,34),  no  results 
are  reported  involving  compressible  flow  effects.  A current 
program  is  conducted  by  Martone  (35)  investigating  this 
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3. 


CONCEPTUAL  DESIGN  OF  SAMPLER 


Before  the  mechanical  details  of  the  exhaust  particle 
sampler  can  be  examined,  the  overall  concept  and  design 
philosophy  must  be  discussed.  This  section  presents  the 
engineering  analysis  used  in  arriving  at  the  conceptual 
design  of  the  sampler. 

In  considering  the  design  of  the  turbine  engine  exhaust 
sampler,  the  sampling  probe  must  deliver  a representative 
sample  of  the  engine's  exhaust  particulate  material.  The 
second  consideration  is  the  location  of  the  particulate 
sampling  equipment.  Placing  the  sampler  near  the  engine, 
the  aerosol  transport  pipe  is  eliminated.  Otherwise,  the 
aerosol  must  be  transported  to  the  test  cell  control  room 
where  the  sampling  equipment  would  be  located.  The  compon- 
ents of  the  sampling  system  include: 

• Sampling  probe 

• Diluter 

• Electron  microscope  grid  preparation 

• Mass  emission  measurement 

• Particulate  mass  collection  for  organic  chemical 
ana lys i s 

and  would  essentially  be  identical  regardless  of  transport. 
Consequently,  the  influence  of  the  aerosol  transport  pipe 
can  be  analyzed  separately.  Also,  the  sample  collection 
methods  and  analyses  can  be  examined  apart  from  the  transport 
pipe.  The  analysis  presented  here  takes  the  same  form  -- 
each  component  is  discussed  separately. 

3 . 1 Sampling  Probe 

The  first  requirement  of  the  sampler  is  to  withdraw  a 
representative  sample  of  the  exhaust  particles.  The  exhaust 
sample  must  be  obtained  by  aspiration  through  a probe  fitted 
with  a nozzle  and  positioned  in  the  upstream  direction. 
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3.1.1  Sampling  Nozzle  Performance 


The  literature  on  isokinetic  sampling  has  already  been 
reviewed.  As  noted  then,  no  work  was  found  concerning  flow 
details  within  the  compressible  regime  and  several  articles 
were  found  concerning  the  flow  unstream  of  the  sampling 
nozzle.  Results  from  the  literature  did,  however,  establish 
that  the  error  due  to  anisokinetic  sampling  depended  not  only 
on  the  ratio  of  the  main  stream  velocity  to  the  samnling 
velocity,  but  also  depended  on  particle  inertia. 

Several  additional  points  in  regard  to  sampling  are 
important.  The  difference  in  nozzle  performance  caused  by 
compressibility  is  shown  in  Table  2 with  the  area  and  velocity 
ratios.  Table  2 gives  the  exit  plane  conditions  for  each 
engine  as  a function  of  power  setting.  If  incompressible  flow 
is  assumed,  the  area  ratio  equals  the  velocity  ratio.  The 
deviation  between  the  compressible  and  incompressible  flows 
is  therefore  given  by  the  difference  between  the  area  and 
velocity  ratios  of  Table  2.  As  can  be  seen,  the  deviations 
are  not  greater  than  5 percent  relative  to  the  compressi  bit- 
flow  condition.  On  this  basis,  the  inertial  parameter  com- 
monly used  for  incompressible  flows  is  useful  for  anticipating 
particle  trajectories,  though  not  strictly  applicable.  The 
inertial  parameter  (-41)  is  given  in  Equation  1. 

Also  note  from  Table  2 the  engine  exit  plane  conditions. 
In  no  instance  is  the  local  Mach  number  greater  than  unity. 
Therefore,  the  problem  of  sampling  in  a supersonic  stream 
does  not  exist  and  a straight  forward  sampling  nozzle  design 
is  appropriate. 

When  4'  < 0.05,  the  particle  trajectory  adheres  to  the 
gaseous  streamline,  and  when  4 > 50,  the  particle  trajectory 
is  unaffected.  Another  point  is  that  the  distance  a stream- 
line is  displaced  perpendicular  to  its  upstream  direction 
is 
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Table  2 


ENGINE  EXIT  PLANE  CONDITIONS  AND 
SAMPLING  FLOW  PARAMETERS  AT 


PREDICTION*  OF 
SEA  LEVEL 


Engine 

Power 

Setting 

Tt 

(°C) 

M 

0 

V 

e 

(ft/sec)*- 

P V 
e e 

Ub/f  t^sec)i 

One  Desijpi  Point 

lies  126  A V 

P t‘ 

D V 

' e e A V 

St  p 

Two  Design  1 
Design  A 

sL 

'o  i n L s 

V 

e 

V 

p 

JT3D 

T.O. 

505 

1.00 

1560 

53 

1.95 

2.07 

/ 

1.2  3 

1 .3(1 

Cli 

455 

0.87 

1502 

54 

1 .98 

1.99 

! / 

1.25 

1.25 

Cru 

405 

0.  72 

1201 

43.2 

1.59 

1.59 

43.2  4 

1 

1 

App 

365 

0.47 

755 

27.2 

27.2 

1 

1 

7 

1 .61 

1 . 76 

1 

idle 

290 

0.28 

430 

16.9 

0.62 

0.57 

16. 

1 

1 

iJiSD 

T.O. 

520 

1.00 

1 609 

56.0 

1.75 

1 .82 

/ 

'l.20 

1 .26 

Cli 

485 

0.96 

1 jH4 

53.4 

1 .67 

1 . 79 

/ 

1.14 

1 .24 

Cru 

415 

0.76 

1282 

46.8 

! .46 

1 .45 

46.8  ^ 

1 

1 

App 

365 

0.55 

885 

32.0 

32.0 

1 

1 

/ 

2.16 

2 . 08 

idle 

350 

0.26 

42  5 

1 . 8 

0.46 

0.48 

14 .8  4^ 

1 

1 

JT9U 

r . 0 . 

510 

0.70 

1440 

. 1 

1.61 

1 .73 

/ 

1 .31 

1 . 39 

Cl  i 

460 

0 . 60 

103  3 

35.1 

1 .22 

1 .24 

35.1  < 

1 

1 

Cru 

395 

0.50 

831 

28.7 

28.7 

1 

1 

\ 

,0.82 

0.80 

App 

355 

0.34 

554 

19.9 

0.69 

0.67 

/ 

1.31 

1 . 15 

Idle 

320 

0.25 

410 

15.2 

0.53 

0.49 

15.2 

1 

1 

* Prediction  utilizes  compressible  flow  theory. 

i'  To  convert  from:  ft/sec  to  m/sec,  multiply  by  0.305; 

1 2 

Ib/ft  sec  to  kg/m  sec,  multiply  by  A. 87. 
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and  is  plotted  in  Figure  7.  The  important  feature  is  the  non- 
linearity of  the  relationship.  Consequently,  it  is  more 
desirable  to  sample  at  velocities  greater  than  the  main  stream 
velocity  rather  than  at  smaller  velocities.  For  example,  at 
^p/Ag^  = 2.0  and  0.5,  the  corresponding  Ax/D  is  0.15  and  -0.20 
respectively.  The  minus  sign  indicates  a streamline  displace- 
ment away  from  the  axis  of  the  sampling  probe. 


Practical  considerations  also  influence  the  performance 
and  operation  of  the  sampling  nozzle.  The  Mach  number  inside 
the  nozzle  itself  should  be  as  low  as  possible.  Complications 
in  the  flow  field  due  to  shock  waves  and  their  interactions 
should  be  avoided.  A constant  area  probe  would  exhibit  poor 
performance  because  at  the  his’her  power  levels,  the  flow  may 
accelerate  or  decelerate  depending  on  the  conditions.  Hence, 
the  flow  could  be  undergoing  a transformation  not  anticipated 
and  give  erroneous  results.  The  area  of  the  probe  should  be 
increased  downstream  from  the  inlet  to  reduce  the  internal 
flow  Mach  number.  The  reduced  Mach  number  should  be  0.3  or 
less  because  at  0.8,  the  boundary  layer  growth  is  sufficient 
to  decrease  the  effective  flow  area  (displacement  thickness 
is  the  effective  area  restriction).  Therefore,  the  maximum 
sampling  Mach  number  is  0.8  and  is  observed  in  the  selection 
of  design  flow  rates. 

Table  3 shows  calculation  results  for  tp , the  inertial 
parameter  for  each  of  the  three  engines  and  five  power  settings. 
Three  particle  sizes  are  assumed  --  0.1,  1.0,  and  2.0  ijm  each 
having  a specific  gravity  of  1.3  (typical  of  carbonaceous 
material).  For  each  particle  size,  two  values  relating  to  <p 
are  given,  the  left  value  giving  the  sampling  nozzle  diameter 
corresponding  to  i|i  = 0.05  where  the  particle  trajectory  follows 


IIT  RESEARCH  INSTITUTE 


31 


IITRI-C6352-10 


VARIATION  OF  NORI-'iALIZED  DISPLACE: 
SAMPLING  AREA  RATIO 


r 


1 


Table  3 

calcuij>lTions  for  inertial  parameter 

WITH  ENGINES  OPER,\TING  AT  SEA  LEVEL 


Power 

Engine  Setting 

"d 

P 

=0.1  pm 

■ d =1. 
p 

0 pm 

d =; 
p 

pm 

D for 
il/=0.05- 
(cm) 

p for 
0=0 . IcnP 

D for 
T= 0.052 
(cm) 

for 

D=0. Icm^ 

I)  for 
il'=  0.052 
(cm) 

ifi  fur 
D=0. 1 cm^ 

JT3D  T.O. 

0.038 

0.019 

2.16 

1 .08 

8.6 

4.3 

Cli 

0.041 

0.020 

2.14 

1.08 

8.6 

4.3 

(?ru 

0.036 

0.018 

1.78 

0.90 

7.1 

3.6 

App 

0.02  7 

0.014 

1 .20 

0.60 

4.8 

2.4 

Idle 

0.018 

0.0088 

0.  74 

0.38 

3.0 

1.5 

JT8D  T.O. 

0.033 

0.017 

1.90 

0.96 

7.6 

3.8 

Cli 

0.035 

0.018 

1.92 

0.96 

7.7 

3.8 

Cru 

0.037 

0.019 

1 .90 

0.96 

7.6 

3.8 

App 

0.031 

0.015 

1 .40 

0.  70 

5.6 

2.8 

Idle 

0.017 

0.0084 

0.68 

0.34 

2.7 

1.4 

JT9D  T.O. 

0.039 

0.020 

2.02 

1.01 

8.1 

4.0 

Cli 

0.030 

0.015 

1.41 

0.74 

5.6 

3.0 

Cru 

0.029 

0.015 

1.26 

0.64 

5.0 

2.6 

App 

0.021 

0.010 

0.88 

0.44 

3.5 

1.8 

Idle 

0.017 

0.0086 

0.72 

0.  36 

. j 

2 . 9 

1.4 

^1 

1.  Particulate  material  specific  gravity  equals  1.3. 

2.  Sampling  nozzle  diameter  (D)  corresponding  to  = 0.05. 

3.  Resulting  value  of  tp  for  sampling  nozzle  diameter  equal  to  0.1  cm. 


Note:  d = particle  diameter,  T.O.  = take-off,  Cli  = climb,  Cru  = cruise, 

App  = approach. 
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the  gaseous  streamlines.  The  right  value  assumes  a sampling 
nozzle  diameter  of  0.1  cm  and  gives  the  resulting  value  of  ijj . 
To  maintain  the  acquisition  of  a representative  sample,  a 
necessary  condition  is  <p  ^ 0.05.  For  \p  ^ 50,  the  particle 
trajectories  are  not  influenced  by  the  gaseous  flow  at  all. 

For  0.05  < < 50,  the  particle  trajectory  is  influenced  some- 

what. The  calculations  show  that  for  0.1  pm  particles,  the 
particle  trajectory  will  follow  the  gaseous  streamlines. 
However,  for  1.0  and  2.0  pm  diameter  particles,  the  trajectory 
will  not  adhere  to  the  streamlines,  but  will  be  influenced. 

For  correct  sampling  of  2.0  pm  particles,  the  sampling  nozzle 
diameter  must  be  approximately  8 cm  at  the  take-off  power 
setting.  This  is  impractical  as  the  flow  which  would  be 
handled  would  be  entirely  too  high. 


If  the  diameter  of  the  nozzle  is  increased  to  0.2  cm, 


then  ij;  is  halved,  thus  improving  the  sampling  of  particles. 

At  this  larger  diameter,  particles  0.2  pm  and  smaller  will  be 
sampled  correctly  regardless  of  the  sampling  velocity.  As 
particle  size  increases  beyond  0.2  pm,  the  trajectory  is 
affected  progressively  less.  At  1.0  pm,  the  maximum  \p  is 
about  0.5  --  10  times  greater  than  the  maximum  for  perfect 
streamline  adherance,  but  100  times  less  than  50  where  the 


particles  continue  in  a straight  line.  At  dp  = 2 pm, 
value  is  intermediate  between  the  defined  extremes  for 


the  tp 


particle  motion. 


The  inertial  parameter,  , is  basically  the  stopping 
distance  of  a particle  divided  by  the  internal  diameter  of 
the  nozzle.  As  such,  p does  not  reflect  the  influence  of 
varying  sampling  velocities.  Therefore,  an  indication  of 
the  particle's  motion  in  the  region  of  the  probe's  upstream 
disturbance  can  be  derived  from  the  ratio  of  the  time  in  which 
the  particle  is  within  this  disturbance  (At)  and  its  relaxa- 
tion time.  The  relaxation  time  is  given  as 
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and  is  basically  the  time  required  for  a particle  to  adjust 
to  a new  flow  condition.  Assuming  that  the  disturbance  is 
propagated  upstream  6 nozzle  diameters*,  the  ratio  of  At/i  is 
greater  than  unity  for  all  particles  smaller  than  5 um  at  all 
engine  operating  conditions.  This  roughly  means  that  parti- 
cles less  than  5 pm  will  adjust  with  the  gaseous  flow  and  be 
sampled  correctly.  However,  no  experimental  evidence  exists 
at  this  time  regarding  this  assertion. 

3.1.2  Analysis  of  Mixing  Probe  Configuration 

Besides  the  question  of  an  individual  sampling  nozzle 
obtaining  a representative  sample,  the  location  or  the  tra- 
versing sequence  of  the  sampling  nozzles  is  equally  signifi- 
cant. Initially,  manual  or  automated  single-point  sampling 
probes  are  considered  undesirable  due  to  the  sample  at  any 
one  time  being  unrepresentative.  In  the  analysis  for  parti- 
cle size,  a single  representative  sample  is  virtually  manda- 
tory. In  addition,  the  single-point  traversing  mechanisms 
are  cumbersome,  require  longer  sampling  times,  and  are 
expensive. 

Numerous  investigators  have  used  four  basic  sampling 
probe  configurations  for  the  measurement  of  gaseous  emissions. 
These  basic  configurations  include: 

• Area  averaged 

• Spiral  hole  pattern 

• NAFEC  diamond 

• Single-point,  traversing 

* This  upstream  distance  was  obtained  by  averaging  the  results 
reported  in  the  gaseous  sampling  literature. 
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The  area  averaged  probe  is  also  referred  to  as  a multiple- 
point  cruciform  where  the  actual  number  of  sampling  points 
can  vary.  The  Environmental  Protection  Agency  recommends 
in  its  source  testing  regulations  that  in  stack  sampling, 
area-averaged  points  based  on  diameter  must  be  useci.  This 
procedure  allows  the  unweighted  arithmetic  summation  of  the 
individual  point  emissions  to  equal  the  total  emissions  from 
the  source.  The  cruciform  probe  accomplishes  this  task 
throvigh  mixing  each  of  the  sampling  point  emissions  to 
achieve  one  total  sample  in  the  end.  The  sampling  nozzles 
in  the  cruciform  probe  are  placed  on  orthogonal  arms 
oriented  horizontally  and  vertically  with  respect  to  the 
engine . 

Numerous  investigators  have  employed  the  cruciform 
configuration  for  the  determination  of  gaseous  emissions  on 
various  engines  including  the  T56,  JT3D,  JT8D,  TF30,  and 
JT9D.  The  gaseous  emission  measurements  included  NO^,  CO, 

CO^ , and  total  h.ydrocarbons . Evaluation  of  the  cruciform's 
performance  was  only  determined  in  two  instances  (2,20) 
through  detailed  mapping  of  the  exit  plane  conditions. 

Because  variations  in  particulate  mass  concentration 
data  at  the  exit  plane  is  not  available,  none  of  the  probe 
configurations  can  be  recommended  on  this  basis.  Moreover, 
relying  on  probe  performance  based  on  gaseous  emission 
measurements  only  offers  reliable  data  on  one  engine  --  TF30. 

A reasonable  assumption  to  make  is  that  exit  plane  variations 
in  the  gaseous  emissions  (especially  total  hydrocarbons) 
correspond  to  variations  in  particulate  material  emissions. 

This  assumption  is  necessary  if  the  gaseous  data  is  to  be  used. 

Because  none  of  the  probe  configurations  offered  signifi- 
cantly better  gaseous  performance,  the  simplest  geometry  would 
be  the  best  choice.  This  is  the  NAFEC  diamond  where  the 
sampling  nozzles  are  located  62  percent  outward  from  the  center 
of  the  exit  plane.  Important  to  note  is  that  the  NAFEC  diamond 
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was  specifically  designed  in  conjunction  with  JT8D  engine. 

The  JT3D  engine  is  about  the  same  in  exit  plane  area  and  a 
similar  probe  configuration  should  yield  a representative 
sample.  Probes  have  been  used  interchangeably  between  the 
JT3D  and  JT8D  with  acceptable  results  (2).  For  this  study, 
however,  separate  probes  will  be  fabricated  to  suit  the  .JT3D 
and  JT8D  engines.  For  the  JT8D,  four  sampling  nozzles 
(0.20  cm  diameter)  will  be  located  as  specified  (18).  Witli 
the  JT3D,  the  same  con  f i j’ura  t i on  will  be  used  but  the  gas 
generator  flow  is  the  stream  sampled.  The  JT9D  presents 
mechanical  design  problems  by  virtue  of  the  afterbody,  but 
the  same  approach  is  taken  --  the  gas  generator  flow  will  be 
sampled  approximately  2-4  inches  downstream  from  the  outer 
annular  lip.  Expansion  of  the  flow  and  its  effect  on  emission 
concentrations  is  therefore  minimized.  For  each  engine  then, 
four  sampling  nozzles  will  be  employed. 

Examining  the  4-point  configuration  more  closely,  exit 
plane  maps  of  gaseous  emissions  are  given  for  each  of  the 
three  engines  in  Figures  8 through  16  (37).  The  CO  and 
total  hydrocarbon  data  is  given  for  the  idle  power  setting 
and  the  NO^  data  is  given  for  maximuiii  continuous.  The  points 
indicated  correspond  to  the  sampling  locations  for  the  NAFEC 
diamond.  The  center  sampling  nozzle  location  is  the  selection 
for  the  probe  recommended  in  this  study.  Table  4 summarizes 
the  results  of  the  exit  plane  data.  The  percent  deviations  in 
the  two  right-hand  columns  give  the  relative  performance  of 
the  NAFEC  diamond  and  the  4-point  modification.  The  overall 
deviation  summed  from  all  the  measurements  is  less  than 
5 percent  for  both  probes.  However,  considering  only  the 
total  hydrocarbon  data,  the  4-point  configuration  and  the 
NAFEC  diamond  are  both  34  percent  below  the  mean.  Since  both 
probes  have  similar  performance,  the  4-point  probe  is  still 
acceptable . 

Further  justification  for  only  four  sampling  nozzles  in 
the  probe  configuration  results  from  the  problem  in  "handling” 
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Figure  8 


JT3D  ISOPLETH  FOR  CARBON  MONOXIDE  AT  IDLE  WITH  NAFEC 
SAMPl.TNG  NOZZLE  LOCATIONS  (37) 


JT3D  ISOPLETH  FOR  TOTAL  HYDROCARBONS  AT  IDLE  WITH  NAFEC 
SAMPLING  NOZZLE  LOCATIONS  (37) 

Isoplcth  values  are  givea  as  percent  deviatlor  from  area  weighted  avor.ige 
IIT  RESEARCH  INSTITUTE 


38 


IITRT-C6352-10 


Figure  10 

JT3D  ISOPLETH  FOR  OXIDES  OF  NITROGEN  AT  M/UIMUM 
CONTINUOUS  WITH  NAFEC  S;\MPLING  NOZZLE  LOCATIONS  (37) 


Figure  12 


JT8D  ISOPLETII  FOR  CARBON  MONOXIDE  AT  IDEE  WITH  NAFEC  SAMPEINC 
NOZZEE  EOCATIONS  (37) 


Isopleth  values  are  Riven  as  percent  deviation  from  area  weighted  average 
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Figure  15 


JTQD  rSOPl.ETH  FOR  CARBON  MONOXIDE  AT  TDl.F.  WITH  NAl  EC 
S/VMPLINr.  NOZZLE  l-OCAT IONS  (37 ) 


Tsoplcth  values  given  as  percent  deviation  from  area  weighted  average 
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I'if;iiri’  16 


Note : 


JT9D  ISOPI.ETH  FOR  OXTOES  OK  NITKOOEN  AT  MAXIMUM  OONTINUOUS 
WITH  NAKEC  SAMPEINc;  NOZ/.l.E  LOCATIONS  (37) 


Isoplctli  v.iliies  c.ivon  .is  perrcnt  (li'viaiion 


f 1 on  .'irt'.'i  Wi*  i j*Ji  t t'd  .iver.'ijtc 
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Table  4 


PERFORMANCE  COMPARISON  OF  NAFEC  DIAMOND  AND 
4-POIST  EXHAUST  S;\MPL1NG  PROllES 

Engine 

Power 

Species 

NAFEC  Diamond  - 12-Point 
(%  deviation 

4-Po i nt 
(%  deviation 

Type 

Setting 

Measured 

from  mean) 

from  mean) 

JT3D 

idle 

THC 

-5.0 

-5.0 

idle 

CO 

+6.0 

+3.8 

max.  cont. 

NO 

X 

+6.0 

0.0 

JT8D 

idle 

THC 

-14 

-2.5 

id  le 

CO 

-7.0 

+2.5 

idle 

NOj^ 

-6.5 

+ 10 

max.  cont. 

THC 

-14 

-23 

max.  cont. 

CO 

-3.5 

+2.5 

max.  cont. 

NO 

-19 

+3,3 

JT9D 

idle 

X 

THC 

-0.8 

-3.8 

idle 

CO 

+ 1.0 

-1.3 

max.  cont. 

NO 

+2.3 

+2.3 

X 

-4.8 

Average 

Deviation 

+0.8 

Average 
Deviat ion 
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particulates  against  maintaining  low  probe-blockage  effects. 

This  means  that  a compromise  is  best  achieved  by  use  of  the 
four  sampling  nozzle  configuration.  The  total  passage  length 
of  the  sampling  tubes  within  the  engine's  flow  field  is 
minimized,  thus  allowing  for  larger  diameter  tubes  to  reduce 
deposition. 

Details  rejvirding  the  geometery  of  the  internal  support 
struts  was  obtained  from  Nelson  (38)  directly.  The  information 
is  as  follows 

JT3D;  nozzle  diameter  = 67.1  cm  (26.4  in.),  four  struts 

located  90°  apart  both  vertically  and  horizontally, 
strut  trailing  edge  distance  to  thrust  revcrscr 
exit  plane  is  129.5  cm  (51.0  in.) 

JT8D;  nozzle  diameter  = 75.9  cm  (29.9  in.),  four  angled 

struts  support  inner  core  and  have  profiles  similar 
to  air  foils,  struts  extend  through  fan  case  causing 
"diamond"  profiles  for  exhaust  profiles,  strut  trailing 
edge  distance  to  thrust  reverser  exit  plane  is 
159.8  cm  (62.9  in.) 

JT9D;  nozzle  diameter  = 123.4  cm  (48.6  in.),  13  struts 
equally  spaced,  top  most  strut  located  slightly 
closkwise,  profile  of  strut  similar  to  exit  guide 
vanes,  strut  configuration  varies  with  engine  model, 
strut  trailing  edge  distance  to  thrust  reverser  exit 
plane  is  111.0  cm  (43.7  in.) 

and  may  be  important  in  establishing  the  configuration  of  the 
sampling  probe.  However,  performance  evaluation  of  the  4-point 
sampling  configuration  has  been  made  on  actual  exit  plane  mappings 
thus  incorporating  the  strut  geometry  of  each  engine. 

3.1.3  Operation  of  Sampling  Probe 

Before  calculations  can  proceed  concerning  the  sampling 
conditions  near  the  exit  plane  of  a turbojet  engine,  the  con- 
ditions at  one  exit  plane  must  be  known,  Table  2 gives  the 
total  temperature  (T.^,)  , exit  Mach  number  (M^)  , and  the  exit 
velocity  (''^g)  > the  JT3D,  JT8D,  and  the  JT9D  at  each  of 

five  power  sttings.  The  quantity  PgV^ , where  is  the 
gaseous  density,  is  the  gaseous  mass  flux  at  the  exit  plane 
of  the  engine  of  a per  unit  area  basis.  As  can  be  seen, 

()^V^  varies  significantly  with  power  setting. 
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Two  design  possibilities  are  also  shown  in  Table  2. 

The  design  points  assume  a sampling  condition  and  then  cal- 
culate the  performance  at  the  other  conditions.  In  the  cal- 
culations, compressibility  effects  are  taken  into  account 
for  both  the  area  and  velocity  ratios.  The  area  ratio  is 
taken  as  the  sampling  nozr.le  internal  area  divided  by 

the  area  of  the  undisturbed  stream  tube  whicli  enters 

the  sampling  nozzle.  Similarly,  the  velocity  ratio  is  the 
exit  plane  velocity  divided  by  the  velocity  at  the  entrance 
of  the  sampling  nozzle  (^p) • 

With  one  design  sampling  condition,  the  selection  of  a 
Mach  number  equal  to  0.5  offers  the  best  compromise.  The  area 
and  velocity  ratios  are  both  doubled  or  halved  at  the  extreme 
operating  conditions.  The  corresponding  power  settings  are 
approach  on  the  JT3D  and  JT8D  engines,  and  cruise  on  the  JT9D. 
Arguing  against  this  selection  is  the  relatively  large  devia- 
tion from  isokinetic  conditions  --  four  power  settings  would 
not  be  sampled  incorrectly.  Also,  little  of  the  engine  opera- 
tion time  occurs  at  the  approach  power  setting  (ml4%)  --  a 
significant  amount  of  engine  time  is  spent  at  cruise  power. 

Only  the  JT9D  is  sampled  at  cruise. 

Alternatively,  two  design  sampling  conditions  can  be 
defined  where  the  most  typical  power  settings  are  selected. 

The  sampling  performance  of  the  nozzle  is  also  given  in 
Table  2 where  the  cruise  and  idle  power  settings  are  assumed 
for  the  JT3D  and  JT8D.  For  the  JT9D,  climb  and  idle  is 
selected  because  climb  corresponds  to  a Mach  number  of  0.6  -- 
intermediate  between  take-off  and  cruise.  Idle  is  selected 
for  each  engine,  the  reason  being  that  idle  is  at  the  low 
extreme  of  the  engine  operating  range.  In  the  performance  of 
the  sampling  nozzle,  the  maximum  area  ratio  occurs  at  the 
approach  power  setting  for  the  JT8D  and  JT3D  engines.  As  dis- 
cussed earilier,  variations  up  to  25  percent  of  the  sampling 
velocity  relative  to  the  main  stream  velocity  result  in  negligible 
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sampling  error  for  jet  engine  exhaust.  With  the  two  design 
sampling  conditions  here,  the  maximum  deviation  in  sampling 
velocity  is  39  percent  (JT9D  at  take-off).  This  excludes 
the  approach  condition  for  the  JT8D  and  JT3D.  As  a con- 
sequence, a significant  error  could  result  with  restricting 
the  sample  flow  rate  to  two  values. 

In  recommending  an  approach  to  the  isokinetic  sampling 
question,  four  alternatives  exist.  The  first  two  are  given 
in  Table  2 and  have  already  been  discussed.  The  third  is  to 
provide  three  sampling  design  flow  rates.  The  fourth  possi- 
bility is  to  allow  the  flow  rate  to  be  fully  variable.  In 
each  alternative,  the  limiting  Mach  number  of  0.8  in  the 
sampling  nozzle  cannot  be  violated  as  the  consequences  could 
be  severe.  Therefore,  the  climb  and  take-off  power  settings 
for  the  JT3D  and  JT8D  cannot  be  sampled  isokinetically . The 
maximum  relative  velocity  ratio  occurring  here  is  30  percent 
(JT3D  at  take-off).  As  was  noted  earlier,  this  is  near  the 
25  percent  value  where  negligible  effects  were  measured  (36)  . 
Uow,  if  30  percent  is  taken  as  a tolerable  limit,  a single  flow 
rate  is  seen  not  to  meet  the  30  percent  criteria.  Also,  with 
the  two  flow  rate  designs,  the  approach  power  setting  for  the 
JT3D,  JT8D,  and  JT9D,  in  addition  to  the  JT9D  at  take-off, 
do  not  meet  the  criteria.  Adding  a third  flow  rate  would  put 
the  velocity  ratio  within  the  30  percent  criteria.  Here,  the 
approach  power  setting  would  be  matched,  thus  giving  the  JT3D 
and  JT8D  adequate  sampling  according  to  the  criteria.  With 
the  JT9D,  the  maximum  flow  rate  would  be  between  take-off  and 
climb,  the  intermediate  at  cruise,  and  the  lowest  at  idle. 

A completely  variable  control  over  flow  rate  would  in  reality 
not  provide  a significantly  improved  adherence  to  isokinetic 
sampling  because  of  the  Mach  0.8  limitation  and  the  corres- 
pondence in  exit  flow  rates  among  the  engines. 

Another  factor  weighing  in  the  decision  is  complexity  of 
construction  and  operation  of  the  sampler.  Since  a completely 
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variable  sample  flow  rate  offers  no  advantage  over  fixed  flow 
rates,  it  is  considered  undesirable  from  the  fabrication  stand- 
point. On  the  other  hand,  a single  fixed  flow  rate  is  not  good 
because  of  the  large  deviations  in  sampling  velocity  relative 
to  the  main  stream  velocity  and  the  unknown  effects  on  parti- 
cles greater  than  0.2  am  (the  effects  should  be  small).  Two 
flow  rates  would  be  better  than  one  flow  rate  but  the  approach 
power  setting  is  not  sampled  near  to  isokinetic  conditions. 

Other  than  this  power  setting,  isokinetic  sampling  is  ap])roxi- 
mated . 

Therefore,  the  best  compromise  is  the  three  flow  rate 

design.  The  three  flow  rates  (p  V ) selected  are  approximately 

_ T _ 1 G e 

216,  145,  and  73  kg  m ^ sec  and  from  Table  2 are  seen  to 
correspond  to  the  power  settings  for  each  engine  in  a convenient 
manner.  The  approach  condition  is  properly  selected  for  the 
JT3D  and  JT8D.  The  JT9D  has  a different  power  setting 
correspondence  --  take-off,  climb,  and  idle.  In  all  cases, 
the  sampling  velocity  ratio  is  less  than  the  30  percent  criteria 
already  mentioned.  Moreover,  the  best  indications  are  that 
all  particles  as  large  as  5 pm  should  be  sampled  with  a mini- 
mum of  bias  (inlet  probe  diameter  =0.2  cm).  The  magnitude  of 
the  bias  is  not  possible  to  predict,  but  based  on  the  particle 
relaxation  time,  is  negligible.  More  elaborate  flow  control 
systems  are  costly  and  do  not  materially  improve  the  sampling 
situation . 

Selection  of  the  0.2  cm  diameter  sampling  nozzle  provides 

3 

a total  sample  flow  of  5,  10,  and  19  actual  m /hr  from  the 
engine.  These  flow  values  are  calculated  from  the  exhaust  gas 
mass  fluxes  (PgV^)  selected  for  operation  of  the  sampler. 

3 . 2 Aerosol  Transport  Pipe 

As  discussed  previously,  there  are  basically  two  approaches 
in  locating  the  sampler.  The  first  is  to  provide  a transport 
pipe  to  bring  the  exhaust  particles  from  the  sampling  probe 
to  the  point  of  collection.  The  consequences  of  the  transport 
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pipe  are  analyzed  here.  The  alternative  is  to  place  the 
particle  collection  equipment  near  the  engine  and  eliminate 
the  transport  pipe.  This  alternative  approach  comes  with 
a disadvantage  --  the  particle  collection  equipment  must  be 
acoustically  isolated  from  the  engine  and  test  cell  to  prop- 
erly operate  and  not  fail  prematurely. 


Deposition  of  aerosol  particles  can  occur  from  turbulent 
streams  by  the  following  mechanisms:  particle  inertia,  gravita- 
tional settling,  brownian  diffusion,  space  charge  precipitation, 
and  image  force  attraction.  Assuming  the  aerosol  particles  to 
be  electrically  neutral,  (a  particulate  system  possessing  a 
net  electrical  charge  has  greater  tendency  for  deposition) , 
particles  larger  than  1 Mm  deposit  predominantly  by  inertia  (39) 
and  bleow  0.1  wm  by  Brownian  diffusion  (90),  Gravity  settling 
only  becomes  important  for  very  large  particles  --  the  settling 
velicity  for  a 100  urn  particle  is  25  cm/sec  (quiscent  fluid 
and  unit  density).  Consequently,  for  consideration  of  the 
transport  pipe,  only  two  deposition  mechanisms  are  important, 
particle  inertia  and  Brownian  diffusion. 

Experiments  concerned  with  the  deposition  of  aerosols  are 
difficult  to  conduct  accurately.  Aerosol  generation,  electri- 
cal neutralization,  sampling,  and  measurement  of  aerosols,  in 
addition  to  particle  re- entrainment , influence  of  pipe  joints, 
and  the  effects  of  surface  roughness  all  cenfound  the  results. 
Upon  reviewing  the  particle  deposition  literature,  Liu  and 
Agarwal  (41)  provide  the  most  credible  experimental  data  within 
the  inertial  deposition  regime.  The  calculation  procedure  for 
determining  the  penetration  (defined  as  the  fraction  of  material 
not  deposited  in  the  pipe)  depends  on  both  the  particle's 
relaxation  time,  t,  and  the  Reynold's  number  based  on  pipe 
diameter.  The  relaxation  time  is  given  (equivalent  to 
Equation  3)  as 
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where  the  Cunningham  correction  is  unity,  dp  the  particle 

diameter,  p the  density  of  the  particle  material,  and  p 
P S 

the  dynamic  viscosity  of  the  gas.  As  in  several  studies 

concerning  deposition  (42,43,44,45),  the  relaxation  time  is 

made  dimensionless  by 


"t  = 


where  u...  is  the  friction  velocity  and  v the  kinematic  vis- 

S 

cosrty  of  the  gas.  The  friction  velocity  is  defined  as 


and  is  related  to  the  pipe  friction  factor,  f,  as 


u„.  = - U [7] 

2J  avg  ‘ J 

where  U is  the  mean  velocity.  For  N„  < 10^ 
avg  K 

f . 18, 

assuming  a smooth  pipe  (46).  Defining  the  dimensionless  depo- 
sition velocity  as 

V = X ^9, 

U.t_. 

where  V is  the  actual  deposition  velocity.  V is  given  by 


\/  - In  — [10 

tiDL  (pj 

where  Q is  the  volumetric  flow  rate,  L the  length  of  pipe, 

D the  diameter  of  the  transport  pipe,  and  P the  penetration. 
Figure  17  shows  the  relationship  between  V^.  and  as  given 
by  Liu  and  Agarwal  (41).  By  rearranging  the  above  equation, 
the  penetration  is 
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Figure  18  shows  the  results  of  calculations  for  particle 
deposition  within  the  transport  pipe.  Particle  inertia  is 
seen  to  strongly  influence  deposition  for  particles  greater 
than  approximately  1 um.  In  the  calculations,  an  actual  flow 
rate  of  4,720  cm  /sec  was  assumed,  and  two  pipe  diameters 
(2.54  cm  and  5.08  cm)  and  two  pipe  lengths  (10  m and  20  m) 
were  used.  These  conditions  are  anticipated  to  be  near  the 
design  conditions  in  the  event  the  sample  undergoes  trans- 
port. Note  that  with  proper  design,  10  pm  diameter  particles 
can  be  transported  successfully,  whereas,  particles  signifi- 
cantly larger  cannot  be  transported  with  good  efficiency. 

Brownian  diffusion  accounts  for  the  reduction  in  pene- 
tration for  particles  less  than  0.1  um  in  Figure  18.  According 
to  Davies  (40) , the  dimensionless  deposition  velocity  for 
Brownian  diffusion  is 


= 


14.5 


i In 


q + t) 

I - + 4' ' 


2/3 


1 , 24-1 

— arctan 
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/3 


/I 
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where 


4 


1 


1/3 


and  Dp  is  the  particle  diffusivity.  Differences  between  the 
theory  of  Davies  (40)  and  others  (43,47)  is  not  significant 
for  the  purpose  of  this  calculation.  The  same  hypothetical 
conditions  are  used  in  the  Brownian  diffusion  calculations  as 
in  the  inertial  deposition  predictions.  Note  that  the  pene- 
tration is  on  the  order  of  0.5  for  particles  approximately 
0.01  um  in  diameter.  Particles  smaller  than  this  possess  an 
even  smaller  penetration  rate.  Increasing  the  transport  pipe 
length  reduces  further  the  penetration.  To  overcome  bias  in 
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the  particulate  sample  obtained,  corrections  will  have  to 
be  applied  if  an  aerosol  transport  pipe  is  used. 

The  pipe  Reynold's  number  based  on  diameter  is  5330  and 
10,650  for  the  5.08  cm  and  2.54  cm  diameter  pipes,  respectively. 
However,  according  to  Friedlander  and  Johnstone  (39),  no  depo- 
sition occurs  until  fully  developed  conditions  are  established 
within  the  pipe.  The  achievement  of  fully  developed  conditions 
corresponds  to  a length  Reynold's  number  of  10^.  For  the 
5.08  cm  pipe,  developing  length  is  95  cm  and  for  the  2.54  cm 
pipe,  23.8  cm.  Therefore,  the  length  required  for  the  estab- 
lishment of  fully  developed  conditions  is  less  than  10  percent 
of  the  total  pipe  length. 

To  experimentally  check  the  deposition  within  the  trans- 
port pipe,  disassembly  and  v;ashing  is  necessary.  This  is  a 
strong  disadvantage.  In  addition  to  the  awkwardness  of  the 
washing  operation,  submicron  particles  are  extremely  difficult 
to  remove.  IITRI  has  just  completed  a program  with  the  United 
States  Air  Force  Investigating  submicron  particle  separation  (48). 
Results  indicate  that  even  with  the  application  of  sonic  energy 
and  surfactants,  submicron  particle  removal  can  only  be  described 
in  terms  of  relative  efficiencies.  Consequently,  the  determina- 
tion of  the  particulate  mass  deposited  in  the  transport  pipe  is 
time  consuming  and  therefore  expensive  in  terms  of  test  cell 
operation. 

The  approach  offering  the  greater  advantage  is  locating 
the  particle  collection  equipment  near  the  test  engine.  Eli- 
minating the  transport  pipe  (up  to  10  m for  the  JT9D  test  cell) 
is  very  important.  Transport  of  exhaust  particles  below  0.1  pm 
is  not  complete  as  a portion  of  the  particles  will  deposit  on 
the  walls  due  to  Brownian  diffusion.  In  fact,  as  particle  size 
decreases,  so  does  the  transport  efficiency  further  aggravating 
the  situation.  Interpreting  the  size  data  would  be  very  dif- 
ficult because  the  transport  efficiency  as  a function  of  parti- 
cle size  must  be  determined  to  correct  the  "raw"  particle  size 
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data.  Although  the  theoretical  predictions  are  reliable, 
experiments  would  be  required  to  quantify  the  rate  of  depo- 
sition for  the  actual  conditions  of  the  sampler.  Two  methods 
could  be  used:  subject  a monodisper sed  test  aerosol  to  the 

transport  pipe  and  sampler  and  carefully  measure  the  particul- 
ate mass  deposited  or  operate  the  sampler  in  conjunction  with 
a turbine  engine  and  by  washing  the  transport  pipe  clean, 
quantify  the  mass  of  the  deposit.  Both  methods  are  time  con- 
suming and  not  necessarily  guaranteed  to  give  useful  results. 

Another  important  factor  is  the  modification  to  the  parti- 
cles as  they  are  transported  through  the  pipe.  Alternate 
deposition  and  re-entrainment  plus  particle-particle  collisions 
would  change  the  size  and  shape  of  the  exhaust  particles. 

These  possible  particle  modifications  are  impossible  to  predict 
accurately.  As  can  be  seen,  the  use  of  a transport  pipe  poses 
problems  which  are  best  avoided. 

Placing  the  particle  collection  equipment  near  the  turbine 
engine  does  not  occur  without  penalty.  The  test  cell  environ- 
ment is  quite  harsh  acoustically  and  access  to  the  collected 
samples  is  limited.  However,  a long  transport  pipe  is  not 
required  and  the  attending  problems  are  eliminated.  The  short 
transport  length  that  is  required  can  be  incorporated  with  the 
sample  dilution  system. 

To  overcome  the  environmental  penalty,  the  sample  col- 
lection equipment  must  be  surrounded  by  a barrier  capable  of 
sufficiently  attenuating  the  test  cell  noise  ('vlbO  Db)  . This 
requires  an  acoustically  treated  box.  Good  attenuation  is 
possible  with  the  construction  of  two  boxes,  an  inner  and  an 
outer,  from  plywood  sheets  1.9  cm  thick.  The  gap  between  the 
inner  and  outer  box  is  approximately  15  cm.  On  the  outside  of 
the  inner  box,  sheet  lead  or  other  acoustically  absorbing 
material  should  be  installed.  Plastic  foam  within  the  inner 
box  offers  a final  barrier.  The  test  equipment  will  be 
located  within  the  final  plastic  foam  barrier.  Rubber  gromets 
are  necessary  to  surround  pipes  and  electrical  leads  leaving 
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and  entering  the  acoustically  treated  box.  Before  the  box 
can  be  completely  specified,  the  components  inside  must  be 
carefully  studied  as  to  their  upper  acoustic  limit. 

Locating  the  sampler  "box"  near  the  engine  may  be  fortunate 
as  the  minimum  noise  of  an  aircraft-mounted  engine  occurs  within 
a region  45°  on  either  side  of  a line  perpendicualr  to  the  axis. 
However,  in  the  test  cell  environment,  the  noise  "levels"  could 
be  relatively  uniform  throughout  the  cell,  thus  reducing  the 
sampler  location  to  one  of  convenience.  Engine  noise  data  is 
not  presently  available  to  resolve  this  question.  Consequently, 
the  sampler  will  be  located  within  the  "ambient"  minimum  noise 
envelope.  The  sampler  itself  will  only  be  used  on  a limited 
number  of  engine  tests  to  complete  the  program  and  therefore, 
reducing  the  location  problem. 

Control  of  the  sampler  operation  within  the  test  cell  is 
possible  through  the  use  of  remote  controlled  valves,  turrets, 
etc.  The  cost  is  increased,  but  in  relation  to  the  test  cell 
charges  becomes  relatively  small.  Anticipated  in  the  design 
of  the  sampler  is  the  remote  operation  for  the  sample  collection 
of  all  five  power  settings.  This  minimizes  test  cell  time. 

An  added  advantage  of  locating  the  sampler  near  the 
engine  is  the  portability  of  the  sampling  system  itself.  The 
only  equipment  specific  for  each  engine  will  be  sampling  probe 
and  transport  pipe  to  the  dilution  system.  The  particle  col- 
lection equipment  and  controls  are  portable  and  can  be  trans- 
ported between  test  cells. 

3 . 3 Diluter -Conditioner 

Due  to  the  high  temperature  of  the  exhaust  gas,  the 
sample  will  require  conditioning  to  permit  compatibility  with 
the  particle  collection  equipment.  The  dew  point  of  the 
extracted  sample  must  be  considered  in  respect  to  possible 
water  vapor  condensation.  Also,  the  conditioning  action  must 
be  gentle  to  not  alter  the  configuration  of  the  particles. 

From  the  above  requirements,  dilution  of  the  sample  with  dry 
filtered  ambient  air  appears  the  most  suitable. 
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Performing  an  energy  balance  on  the  diluter  schematically 
shown  as  below 


sample  in 
m,  T, 


Diluter 


(m  + m^) . T2 


dilution  air 

"’d  ’ 

results  in  the  following  expression  for  mass  flow  ratio 

_ ’’^l  ■ ”^2  '"'^1  mi 

or  Ty  = — : : 

m '^2  ” '^D  m 4-  m^ 

Assuming  that  the  exhaust  temperature  520°C  (maximum  value) 
and  the  dilution  air  temperature  as  20°C,  Table  5 gives  the 
resulting  temperature  after  dilution  is  complete.  As  can  be 
seen,  significant  temperature  reductions  are  possible.  A 
rough  estimate  of  the  resulting  dew  point  is  also  given  where 
saturation  v;as  assumed  at  100°C  for  the  exhaust  gas.  For  any 
mass  ratio  of  dilution,  maintaining  the  sample  temperature 
above  the  dew  point  will  eliminate  condensation  of  water  vapor. 

Further  analysis  of  the  dilution  process  is  necessary 
to  resolve  the  temperature  history  of  the  sample  within  the 
diluter.  Taking  into  account  the  flow  rates  selected  for 
each  engine  power  setting  and  the  corresponding  dilution  air 
flow  rate,  the  temperature  of  the  sample  can  be  calculated  as 
a function  of  diluter  tube  length,  The  tube  length  is  non- 
dimens iona 1 ized  so  that  the  plotted  results  are  applicable 
to  any  length.  The  temperature  at  maximum  continuous  is 
taken  to  be  520°C  and  the  temperature  at  idle  is  taken  as 
300°C  --  these  temperatures  are  typical  of  all  three  engines. 
The  dew  point  temperature  is  assumed  to  be  70°C  and  decreases 
along  the  diluter  tube  length.  In  the  calculations,  complete 
mixing  of  the  sample  gas  and  dilution  air  is  assumed.  Results 
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are  plotted  in  Figure  19.  More  detailed  calculations  are 
possible,  but  a solution  does  not  exist  in  closed  form,  thus, 
requiring  computer  aided  finite  difference  techniques.  For 
the  present  purpose,  a sophisticated  analysis  is  unwarranted. 

Diluters  have  been  used  in  conjunction  with  samplers 
designed  for  mobile  combustion  sources  and  all  subject  the 
aerosol  to  highly  turbulent  flow  conditions  (49,50).  This 
is  done  to  insure  adequate  mixing  and,  consequently,  good 
dilution.  Unfortunately,  under  these  flow  conditions,  depo- 
sition and  agglomeration  are  a significant  problem.  ITTRI 
has  developed  a procedure  for  transporting  aerosols  over  short 
distances  with  minimum  deposition  (51).  The  technique  is  not 
available  commerc ial ly , but  has  been  successful  for  many 
aerosol  systems.  To  achieve  high  penetration,  clean  trans- 
piration air  is  introduced  through  a porous  tube  perpendicular 
to  the  flow  of  the  aerosol.  The  transpiration  air  then 
generates  a "clean”  boundary  layer,  thus,  isolating  the  aero- 
sol from  the  walls.  Figure  20  shows  the  percentage  of 
particle  deposition  as  a function  of  particle  size  and  trans- 
piration flow  rate.  Figure  21  shows  the  influence  of  particle 
size  on  percent  of  particle  deposition.  Note  that  the  pene- 
tration is  one  minus  the  percent  particle  deposition  divided 
by  100. 

Utilizing  the  transpiration  technique  to  enhance  aerosol 
transport  also  provides  a means  of  gentle  dilution.  The 
dilution  action  is  gentle  because  transpiration  air  is  intro- 
duced continuously  along  the  tube  length.  Only  distances  of 
several  meters  can  accomodate  a diluter  of  this  type  --  a 
complete  transport  pipe  is  much  too  long.  A maximum  design 
length  exists  because  a minimum  of  transpiration  air  is 
required  per  unit  distance  of  the  pipe.  Therefore,  the  diluter 
would  be  ideally  suited  for  the  approach  where  the  particle 
collection  equipment  is  located  near  the  aircraft  engine. 
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Particle  Depositior.  Percent 


Particle  Deposition,  Percent 


3.4  Mass  Emission  Measurement 


Once  a representative  sample  is  captured  by  the  sampling 
probe  and  transported  by  the  main  diluter,  the  particulate 
sample  must  be  collected  and/or  analyzed.  One  of  the 
required  measurements  that  the  sampler  must  make  is  parti- 
culate mass  concentration.  This  measurement  is  necessary  to 
determine  the  mass  emission  rate  of  the  engine. 

Only  techniques  which  measure  mass  directly  were  con- 
sidered because  other  measurement  techniques  based  on  variou.s 
correlations  would  involve  large  systematic  errors  and  would 
therefore  require  calibration.  Gravimetric  weighing  has  been 
demonstrated  to  give  good  results  by  Johansen  and  Kumm  (5) 
where  direct  filtration  and  differential  weighing  were  employed. 
Accurate  measurement  of  exhaust  particulate  mass  concentration 

3 

based  on  a gaseous  sample  volume  of  0.028  m is  possible  with 
direct  weighing.  Disadvantages  are  the  lack  of  a real-time 
measurement  capability  and  the  requirement  of  filter  removal 
after  each  measurement.  Although  these  may  not  be  serious 
disadvantages  with  the  collection  equipment  located  in  the 
test  cell  control  room,  they  would  present  difficulty  if  the 
equipment  were  located  near  the  engine. 

A significant  consideration  is  the  advantage  of  real-time 
mass  concentration  information.  With  this,  the  operating  con- 
dition of  the  sampler  can  be  monitored,  thus  avoiding  the 
chance  of  faulty  sampler  operation.  The  overall  operating 
condition  of  the  sampler  would  be  known  insuri.ng  good  samples 
and,  thus,  minimizing  usage  of  the  test  cell  and  engine  running 
t ime . 

Other  techniques  of  direct  measurement  can  provide  real- 
time data.  The  techniques  include  inertial  impaction,  fil- 
tration, and  electrostatic  deposition  to  place  the  particles 
onto  the  measurement  surface.  Two  surfaces  are  commercially 
used:  filter  material  and  piezoelectric  crystals.  Table  6 

shows  the  combinat ions  of  deposition  and  sensing  techniques 
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commercially  available.  Note  that  gravimetric  weighing 
itself  is  not  commercially  available  in  the  form  of  a com- 
plete unit. 

The  three  commercial  instruments  utilizing  beta  radiation 
attenuation  shown  in  Table  6 use  either  impaction  to  deposit 
the  particles  as  in  the  GCA  instrument,  or  filtration  as  in 
the  Phillips  or  Lear-Siegler  equipment.  The  disadvantage  of 
using  an  impactor  is  the  limitation  on  the  minimum  particle 
size  collected.  Particles  below  this  size  are  not  collected 
and  the  contribution  to  the  total  mass  concentration  is  unknown. 
If  an  instrument  of  this  type  were  to  be  used,  determination 
of  the  losses  is  required  because  a significant  portion  of  the 
particulate  mass  is  anticipated  to  be  less  than  0.1  pm.  With 
filtration,  the  collection  efficiency  is  defined  at  a certain 
particle  size  (given  in  Table  6)  and  is  typically  997».  Parti- 
cles below  this  size  will  also  be  collected  but  at  a varying 
efficiency.  Although  the  efficiency  curve  is  unknown  as  a 
function  of  particle  'iJe,  Brownian  diffusion  coupled  with  a 
reasonable  face  veloci  should  give  high  efficiencies.  Both 
the  Phillips  and  Lear-Siegler  indicate  the  same  collection 
efficiency  at  0.3  pm  and  are  completely  automatic.  The  Lear- 
Siegler  requires  approximately  two  minutes  for  a measurement 
cycle . 

Advantages  of  beta  radiation  include  good  reliability, 
freedom  from  calibration  drift,  and  long  term  unattended 
operation.  This  results  from  the  fact  that  the  particles 
are  deposited  onto  a moving  filter  strip  and  subsequently 
measured  (not  true  for  GCA  RDM  101).  Cleaning  problems  re- 
sulting from  the  deposited  material  are  thus  eliminated  and 
therefore  allowing  a large  number  of  measurements  to  be 
made  --  more  than  100.  The  sensitivity  of  the  beta  radiation 
technique  is  somewhat  less  than  the  piezoelectric  microbalance, 
but  not  significantly  so  for  application  to  turbine  engine 
exhaust  particles. 
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The  piezoelectric  microbalance  was  only  developed 
recently  but  has  received  wide  usage.  The  principle  of  oper- 
ation depends  on  the  shift  in  resonant  frequency  of  a solid 
as  the  solid's  mass  changes.  In  the  two  commercial  instru- 
ments listed,  a quartz  wafer  is  employed  as  the  vibrating 
solid.  The  particles  are  deposited  directly  onto  the  solid 
(vibrating  crystal)  by  two  mechanisms.  The  Celesco  instru- 
ment uses  inertial  impaction  and  the  Thermo-Systems  unit 
electrostatic  deposition. 

The  sensitivity  of  the  piezoelectric  microbalance  is 
greater  than  that  of  the  "beta  gage"  leading  to  short  sampling 
times.  However,  in  the  sample  application  here,  dilution  will 
be  necessary  to  reduce  the  aerosol  mass  concentration  to 
levels  allowing  sufficiently  long  sampling  times  (15  sec). 
Additional  dilution  will  reduce  the  accuracy  of  the  mass  con- 
centration measurement  primarily  because  of  the  uncertainty 
in  the  dilution  flow  measurement.  A significant  disadvantage 
of  the  piezoelectric  technique  is  the  necessity  of  periodic 
cleaning  of  the  crystal  sensor.  The  cleaning  must  be  per- 
formed manually  since  the  instrument  is  partially  disassembled 
to  apply  a sticky  coating  to  the  crystal.  The  Celesco 
instrument  has  a large  cut-off  particle  size  and  for  this 
reason,  not  applicable  to  the  engine  sampler's  requirements. 
The  size  range  captured  by  the  Thermo-Systems  device  is 
expanded  greatly  in  the  submicron  region  (Table  2)  and 
therefore  applicable  to  this  study.  Rough  calculations  indi- 
cate  that  an  aerosol  mass  concentration  of  1 mg/m  would 
permit  1 hr  of  sampling  with  the  Thermo-Systems  instrument. 
Remote  operation  of  both  piezoelectric  microbalances  would 
require  the  addition  of  remotely  operated  valves  and  switches. 
The  cost  indicated  does  not  include  the  modifications  for 
automatic  operation.  Good  reliability  and  lack  of  calibration 
drift  characterize  both  instruments. 

Recently,  Daley  and  Lundgren  (52)  have  evaluated  the 
relative  performance  of  the  Celesco  and  Thermo-Systems 
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instruments.  Concluded  from  the  work  was  that  in  either 
instrument,  both  temperature  and  humidity  variations  were  not 
compensated  by  the  second  "reference"  quartz  crystal  isolated 
from  the  aerosol.  The  humidity  affected  the  indicated  mass 
through  moisture  absorption  and  evaporation  from  the  parti- 
culate deposit  itself.  The  electrostatic  precipitator  on 
the  Thermo-Systems  device  had  significant  improvement  over 
the  Celesco  for  collecting  particles  below  0.5  pm. 

Gravimetric  weighing  is  seen  to  offer  the  best  choice  for 
the  determination  of  the  engine's  mass  emission  rate.  At  the 
idle  condition,  a 10  minute  sampling  interval  will  give  about 
40  mg  while  at  take-off,  a 5 minute  interval  will  give  over 
150  mg.  These  are  weighable  samples  and  apply  to  all  three 
engines.  The  emission  rate  would  be  obtained  by  dividing  the 
weight  of  the  particulate  mass  collected  by  the  exhaust  gas 
volume  passing  through  the  filters  and  multiplying  by  the 
total  volumetric  exhaust  flow  generated  by  the  engine.  The 
actual  "weighing"  itself  should  be  immediately  at  the  conclu- 
sion of  the  test  run.  United  Airlines  has  available  an 
analytical  balance  with  a 0. 1 mg  sensitivity.  Afterwards, 
the  filter  sample  should  be  placed  in  a pyrex  petri  dish 
and  kept  in  the  dark  to  reduce  decomposition. 

A typical  glass  fiber  filter  is  the  Gelman  Type  A/E*. 

This  filter  material  is  free  from  organic  binders  and  commonly 
used  in  the  gravimetric  analysis  of  air  pollutants.  Particle 
retention  under  normal  conditions  (moderate  face  velocities) 
is  approximately  987o  for  particles  between  0.05  to  0.3  pm. 

As  the  face  velocity  increases,  particle  retention  decreases. 
Reliable  theoretical  estimates  regarding  the  magnitude  of 
the  level  of  particle  retention  cannot  be  made  because  large 
extrapolations  are  required. 


* Gelman  Instrument  Co.;  600  South  Wagner  Road, 

Ann  Arbor,  Micliigan 
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Chemical  analysis  in  addition  to  the  elemental  analysis 
provided  by  the  electron  microscope  (EM)  can  be  performed 
on  the  collected  particulate  material.  With  the  real-time 
techniques,  insufficient  quantities  of  particulate  material 
are  collected  for  chemical  analysis.  Using  a glass  fiber 
filter  allows  extractions  suitable  for  organic  analysis 
but  could  prove  difficult  for  a trace  element  analysis  because 
of  the  difficulty  in  extracting  all  the  exhaust  particles. 

The  particulate  material  must  be  removed  in  order  to  eliminate 
the  high  background  provided  by  the  glass  fiber  filter.  A 
plausible  extraction  scheme  would  use  hot  nitric  acid, 
subsequent  stages  of  concentration,  and  deposition  onto  a 
cellulose  filter. 

3 . 5 Techniques  for  Particle  Size  Analysis 

Numerous  methods  are  available  for  the  analysis  of  parti- 
cle size.  All  methods,  except  one,  require  the  collection  of 
the  particles  and  subsequent  analysis  by  electron  microscopy. 
Analysis  under  the  electron  microscope  (EM)  will  meet  the 
sizing  requirements  of  the  program  --  resolution  to  0.001  pm. 
Also,  the  EM  provides  data  regarding  the  morphology  of  the 
particles  and  their  shape.  The  one  method  which  takes  excep- 
tion to  the  EM  is  the  electrical  aerosol  analyzer  (EAA)  or 
particle  mobility  analyzer.  Although  the  size  range  is 
restricted  (0.01  to  0.7  pm)  and  no  shape  data  is  possible, 
the  results  are  essentially  real-time. 

Each  technique,  except  for  the  EAA,  has  a common  goal  -- 
deposit  onto  an  EM  grid  a representative  sample  of  the 
aerosol  particles.  A list  of  the  techniques  available  is 
given  below; 

• Diffusion  onto  EM  grid  directly 

• Thermophoretic  collection 

• Electrostatic  deposition 

• Membrane  filter 
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• Aerosol  spectrometer 

• Measurement  of  particle  mobility  (EAA) 

In  this  section  of  the  report,  each  technique  will  be  described 
and  discussed  in  relation  to  the  goals  of  the  turbine  engine 
exhaust  sampler. 

With  each  of  the  collection  techniques,  special  provisions 
are  required  for  remote  operation.  This  consideration  is 
important  because  the  particle  collection  equipment  will  be 
located  adjacent  to  the  engine.  Anticipated  in  the  collectio!i 
of  particulate  samples  is  the  necessity  of  multiple  samples  of 
varying  mass  loadings.  This  will  insure  the  acquisition  of  a 
sample  appropriate  for  microscopic  analysis.  If  the  deposit 
is  too  dense,  artificial  agglomeration  will  be  introduced  and 
if  too  low  a deposit,  not  enough  particles  will  be  observed 
for  reliable  results. 

However,  during  operation  of  the  sampler,  real-time 
information  on  the  particle  deposit  is  available  indirectly. 
Either  the  aerosol  mass  concentration  or  the  particle  number 
concentration  based  on  the  EAA  could  provide  this  data.  The 
measurement  of  the  aerosol  mass  concentration  is  redundant 
with  the  mass  emission  measurement  while  the  EAA  can  provide 
real-time  particle  analysis  as  well.  Consequently,  the  EAA 
appears  the  appropriate  choice  for  the  acquisition  of  real- 
time information.  Real-time  data  would  indicate  the  general 
operation  of  the  sampler  and  could  save  the  repeating  of 
several  test  conditions  and  therefore  cover  its  additional 
expense . 

3.5.1  Diffusion  onto  Electron  Microscope  (EM)  Grid 

The  placement  of  an  EM  grid  in  the  flow  field  of  an 
aerosol  will  cause  particles  to  deposit.  Two  mechanisms 
are  involved  --  Brownian  diffusion  and  inertial  impaction 
which  are  fundamentally  incompa t ible . On  the  one  hand, 

Brownian  diffusion  requires  low  flow  velocities  to  allow 
time  for  particle  deposition,  while  on  the  other,  inertial 
impaction  requires  high  velocities.  The  flow  velocities 
necessary  for  effective  Brownian  diffusion  result  in 
negligible  inertial  impaction. 
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Assuming  the  flow  velocity  to  be  1 cm/sec  and  the  tem- 
perature to  be  93°C,  the  Reynold's  number  based  on  the  dia- 
meter of  the  EM  grid  is  1.4  and  is  within  the  Stokes  flow 
regime.  In  related  work  with  diffusion  in  solutions  (as  in 
aerosol  problems,  large  Sclimidt  numbers),  Levich  (53)  gives 
the  rate  of  diffusion  towards  a sphere  in  Stokes  flow  as 


<{)  = 7 . 9n  D 
o p 


2/3yl/3j^4/3 


[14] 


where  n is  the  number  concentration  of  the  aerosol , D the 
o p 

diffusion  coefficient,  U the  velocity,  and  R the  radius  of 
the  sphere.  In  work  with  aerosols,  investigators  report 
varying  values  for  the  coefficient  the  average  of  which  is 
given  by  Fuchs  (33)  to  be  7 . 8 . To  predict  the  collection 
efficiency  of  the  EM  grid  in  the  1 cm/sec  flow  field,  the 
collection  efficiency  for  a given  particle  size  is  defined 
as 


n 


equivalent  stream  tube  of  collection 
projected  area  stream  tube  flow 


and  with  substitution  of  the  relation  given  by  Levich  (53) 
becomes 
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7.8 
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[15] 


where  R is  the  radius  of  the  EM  grid.  This  relation  is  only 
valid  for  deposition  by  Brownian  diffusion  onto  a sphere. 
However,  the  EM  grid  in  practice  is  placed  onto  a filter 
support,  thus  allowing  flow  to  pass  by  the  grid  similar  to 
that  of  a sphere.  On  this  basis,  the  above  equation  approxi- 
mates the  collection  efficiency  of  an  EM  grid.  Figure  22 
gives  the  collection  efficiencies  as  a function  of  particle 
size.  Above  0.01  urn  the  collection  is  less  than  lOZ,  but  at 
0.001  vjm  is  about  1007„.  Consequently,  effective  use  can  be 
made  of  Brownian  diffusion  for  depositing  small  particles 
(less  than  0.001  um) . Particles  greater  than  0.01  pm  exhibit 
very  low  ef f icicnc i es . 
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A disadvantage  of  relying  on  Brownian  diffusion  is  its 
ineffectiveness  with  the  larger  particles.  Important,  though, 
is  that  Brownian  diffusion  is  operable  in  any  deposition 
technique  to  obtain  EM  grids  --  thermophoresis,  electrostatic 
deposition,  etc.  Consequently,  total  reliance  on  Brownian 
diffusion  deposition  can  be  discarded  at  this  time,  but  not 
the  general  influence  of  Brownian  diffusion  on  other  deposition 
techniques.  Actually,  the  performance  of  any  device  except 
the  aerosol  spectrometer  is  dominated  by  Brownian  diffusion 
for  particle  sizes  below  approximately  0.003  um. 

3.5.2  Thermophoretic  Deposition 

The  so-called  "thermal  precipitator"  utilizes  a strong 
temperature  gradient  to  collect  the  particles.  The  direction 
of  motion  for  the  aerosol  particles  is  opposite  that  of  the 
temperature  gradient.  Hence,  particles  deposit  onto  the 
colder  surface.  Several  commercial  thermal  precipitators  have 
been  widely  used  in  the  past,  and  the  device  can  be  readily 
constructed . 


The  magnitude  of  the  thermal  gradient  must  be  large 
(''-4000°C/cm)  in  order  to  effect  reasonable  deposition  velo- 
cities. In  most  devices,  a central  wire  is  heated  (lOO’C) 
and  the  cold  surface  is  maintained  by  metal  blocks  of  high 
thermal  capacity  (54).  With  thxs  configuration,  the  gap 
width  is  on  the  order  of  0.025  to  0.05  cm.  Consequently, 
the  flow  rate  capacity  of  the  thermal  precipitator  is  low 
(less  than  10  ml/min)  and  is  a disadvantage.  The  particle 
velocity  in  a thermal  gradient  is 
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[16] 


where 


C = ^nningham  slip  correction 
p = dynamic  viscosity  of  the  gas 

Pg  = density  of  the  gas 
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kp  = thermal  conductivity  of  the  particulate  material 
= thermal  conductivity  of  the  gas 


dT/dx  = magnitude  of  thermal  gradient 

The  Cunningham  slip  correction  factor  is  as  follows  (55) 

C = 1 + i-  'J-Q.  6.23  + 2.01  exp  f-1095pd 

pd  M ‘ P 

where  p is  the  gaseous  pressure.  From  the  relationship  for  i 

the  velocity,  the  motion  of  the  particle  is  not  a function 

of  its  size  --  as  long  as  the  slip  correction  is  equal  to  ' 

unity.  However,  for  particles  less  than  0.5  um . the  slip 
correction  is  significantly  greater  than  one,  and  at  0. 1 pm 
for  example,  equals  3.0  (approximately)  at  atmospheric  con- 
ditions. Therefore,  deposition  effectiveness  is  inversely 
proportional  to  particle  size,  thermal  conductivity  of  the 
particle,  and  the  aerosol  flow  rate.  On  the  basis  of  the 
velocity  relationship,  the  flow  rate  and  geometrical  con- 
figuration of  a thermal  precipitator  can  be  established  for 
this  application. 

In  using  a thermal  precipitator,  the  sample  is  usually  j 

deposited  onto  a glass  microscopy  cover  slip  located  adjacent 
to  the  heated  wire.  In  general,  the  glass  slides  are  pre- 
coated with  a carbon  film  vacuum  deposited  onto  the  surface 
to  facilitate  transfer  to  an  electron  microscope  sample  grid. 

EM  grids  cannot  be  placed  directly  into  the  thermal  precipi- 
tator because  the  thermal  field  near  the  grid  wires  is  greatly 
distorted.  Therefore,  the  temperature  gradient  varies  from 
the  grid  wire  to  the  carbon  film  suspended  between  two  grid 
wires.  Since  conduction  is  greater  through  the  wires  than 
the  carbon  film  itself,  particles  preferentially  deposit  onto 
the  grid  wires. 

Because  of  the  non-uniform  deposition  pattern,  the  entire 
substrate  would  have  to  undergo  analysis.  This  is  time  con- 
suming and  expensive,  but  the  substrate  dimensions  are  much 
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reduced  over  the  aerosol  spectrometer.  The  heat  generated  in 
the  operation  of  the  thermal  precipitator  could  evaporate 
some  liquids  and  oxidize  organic  materials. 

Disadvantages  of  the  thermal  precipitator  include  the 
following : 

• Low  gaseous  flow  rate  (-lO  ml/min) 

• Unknown  effects  of  thermal  gradient  and  elevated 
temperature 

• Non-uniform  deposition  of  particles  onto  substrate 

• Substrate  limitations  --  EM  grids  introduce  errors 

The  most  valuable  feature  of  the  thermal  precipitator  is  the 
high  collection  efficiency  for  particles  smaller  than  0.1  iim ; 
collection  efficiencies  are  reported  to  be  in  the  vicinity  of 
90%  and  has  no  lower  particle  sized  limit  (54).  Mr.  Warren 
Hendricks  of  Micromeritics  Instrument  Corporation  (past 
manufacturer  of  a thermial  precipitator)  indicates  that  con- 
trary to  the  literature,  the  collection  efficiency  is  a 
function  of  the  aerosol's  mass  concentration  (56).  Figure  22 
shows  some  reported  collection  efficiencies  of  the  thermal 
precipitator,  but  none  include  careful  tests  with  monodisperse 
aerosols.  The  efficiency  data  is  reported  in  the  text  by 
Green  and  Lane  (54). 

3.5.3  Electrostatic  Deposition 

An  electrostatic  precipitator  utilizes  particle  charging 
and  an  electric  field  to  deposit  particles  onto  a substrate. 
Early  designs  of  the  electrostatic  precipitator  operated 
continuously  and  therefore  produced  a non-uniform  particle 
deposit  with  respect  to  particle  size.  Later,  Liu,  et  al.  (57) 
deisgned  and  tested  an  electrostatic  precipitator  which  deposits 
uniformly  through  intermittent  charging  and  application  of  the 
electric  field.  This  design  is  available  commercially  through 
Thermo-Systems . 

Careful  experiments  were  conducted  by  Liu,  et  al.  (57) 
and  Rimberg  and  Keafer  (58)  using  monodisperse  test  aerosols 
to  determine  the  collection  efficiency.  Figure  22  shows  the 
collection  efficiency  as  a function  of  particle  size.  The 
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experiments  performed  with  the  electrostatic  precipitator  are 
more  reliable  than  those  of  the  thermal  precipitator  mainly 
because  of  the  use  of  well-defined  test  aerosols.  However, 
as  the  particle  size  decreases,  the  collection  efficiency 
decreases  in  the  electrostatic  precipitator.  This  is  a result 
of  the  decreased  charging  rate  for  particles  decreasing  in 
size.  For  particles  below  0.2  iim,  the  predominant  mechanism 
is  diffusion  charging  given  approximately  as 


d kT 

n = - P ry  In 
2e^^ 


lid  cN  e t 

1 + — 
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n = number  of  charges  on  an  initially  neutral  particle 
after  time  t 

k = Boltzmann's  constant  (1.38  x 10  erg/molecule  °K) 

3 

= ion  density  (ions/cm  ) 
c = ion  velocity  (root  mean  square) 
t = time 

e = one  electronic  charge  (4.8  x 10  statcoulomb) 


The  velocity  of  deposition  within  the  Stokes  regime  is  given  as 
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where  E is  the  electric  field  strength.  From  the  equation  for 
n,  which  gives  the  charge  accepted  by  a particle,  the  charging 
rate  decreases  rapidly  because  of  the  natural  log  term. 
Collection  efficiency  in  the  region  of  0.01-0.001  urn  is  very 
low  for  electrostatic  precipitation.  In  fact.  Brownian  dif- 
fusion will  probably  dominate  particle  deposition  in  sizes 
below  0. 003  pm. 


An  important  advantage  of  the  Thermo-Systems  precipitator 
is  that  regardless  of  the  collection  efficiency  for  a given 
particle  size,  the  deposit  for  that  particle  size  is  uniform. 
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EM  grids  can  be  used  directly  as  the  collecting  substrate,  and 
the  deposition  action  is  gentle.  Flow  rate  capacity  is  on 
the  order  of  A-6  Ji/min  --  much  higher  than  the  thermal  pre- 
cipitator and  the  membrane  filter  approach. 

To  operate  the  Thermo-Systems  precipitator  remotely  is 
possible  for  one  set  of  samples  (one  run) , but  multiple  runs 
will  require  multiple  sampler  units  and  remotely  operated 
valves.  This  consideration  is  important  because  for  any 
given  engine  power  setting,  several  samples  are  required  to 
insure  an  optimum  deposit  for  subsequent  microscopic  analysis. 
Three  electrostatic  precipitators  will,  for  example,  allow 
three  samples  of  each  engine  power  level  setting.  Anticipated 
is  that  at  least  one  of  these  sample  sets  will  be  appropriate 
for  microscopic  analysis.  After  the  samples  are  taken,  the 
substrates  must  be  retrieved  and  fresh  substrates  installed. 

Of  course,  the  same  is  true  for  the  thermal  precipitator. 

3.5.4  Membrane  Filtration 

Membrane  filters  are  manufactured  from  cellulose  ester 
gels  dried  to  form  thin,  porous  films  of  controlled  pore  size. 
Tests  involved  with  atmospheric  dust  have  demonstrated  the 
capability  of  membrane  filters  to  trap  particles  as  small  as 
0.001  pm.  The  depth  of  penetration  is  usually  less  than  10  pm 
which  pemits  in  situ  microscopic  examination.  Maintaining 
a low  filter  face  velocity  and  the  appropriate  particle  loading, 
agglomerated  particles  should  not  shatter.  The  minimum  pore 
size  available  is  0.01  pm  and  approximately  80%  of  the  total 
filter  volume  is  occupied  by  the  pores. 

Our  experience  with  cellulose  membrane  filters  indicates 
that  difficulties  will  be  experienced  analyzing  the  exhaust 
particles.  The  surface  of  the  cellulose  filters  is  extremely 
rough  --  identification  of  particles  would  not  be  easy.  The 
identification  problem  would  be  compounded  by  the  slight 
contrast  difference  between  the  particles  and  filter  (both  are 
predominantly  carbon).  On  the  other  hand,  Nuclepore  membrane 
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filters  have  a flat  surface  with  the  pores  uniformly  spaced. 
Both  the  Nuclepore's  flat  appearance  and  chemical  composition 
would  aid  in  particle  identification.  Nuclepore  membrane 
filters  are  available  in  diameters  up  to  293  mm  with  a 0.03  pm 
pore  size.  Nuclepore  filters  are  also  more  resistant  to  high 
temperature  than  the  cellulose  filters  --  Nuclepore,  150°C 
and  cellulose,  100°C. 

The  resistance  to  air  flow  through  the  small  pore  size 

membrane  filters  is  high  --  the  filters  must  be  specially 

supported  to  eliminate  rupture  (once  rupture  occurs,  the 

sample  must  be  discarded) . Supports  of  fine  mesh  stainless 

steel  are  in  common  use  today.  EM  grids  can  be  placed 

directly  onto  the  membrane  filter  to  make  effective  use  of 

Brownian  diffusion  to  collect  the  very  small  particles.  Also, 

to  achieve  greater  flow  capacity,  the  filter  should  be  as 

large  as  possible.  For  a 0.03  pm  pore  size  Nuclepore  filter, 

2 

the  air  flow  rate  is  approximately  0.4  il/min/cm  at  25°C 
and  70  cm  Hg  pressure  drop. 

To  use  the  membrane  filter  with  electron  microscopy, 
the  filter  after  receiving  a particle  deposit  is  cut  into 
approximately  2 mm  squares.  The  particles  on  the  filter  are 
then  transferred  to  an  EM  grid  using  acetone  to  dissolve  the 
filter.  The  use  of  acetone  could  significantly  alter  the 
particles  and  must  be  examined  before  the  dissolving  approach 
can  be  taken.  Using  the  electron  microscope  in  the  scanning 
mode  will  permit  direct  use  of  the  filter  in  the  instrument. 

In  the  scanning  mode.  X-ray  elemental  analysis  is  possible. 
Comparisons  between  the  EM  grids  placed  on  the  membrane  filter 
and  those  generated  from  dissolving  the  filter  must  be  made  to 
determine  the  approximate  relative  collection  efficiencies. 
Large  differences  are  not  anticipated,  however,  because  of 
the  action  of  Brownian  motion  on  particles  below  0.001  iim. 

A clear  advantage  with  the  membrane  filter  is  its  sim- 
plicity --  no  electronic  gear  subject  to  failure.  Also,  the 
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technique  will  collect  particles  uniformly  for  sizes  greater 
than  0.1  um  for  the  cellulose  filter  and  0.03  urn  for  the 
Nuclepore.  Below  this  size,  a portion  of  the  particles  will 
escape  but  will  reduce  as  the  particle  size  decreases  even 
smaller.  Remote  operation  of  the  filtration  technique  is 
possible  through  a turret  mechanism  capable  of  being  advanced 
at  the  completion  of  sampling.  Conceivably,  many  filters 
can  be  placed  onto  the  turret,  thus  minimizing  the  time 
required  for  removing  collected  samples  and  installing  fresh 
substrates . 

3.5.5  Aerosol  Spectrometer 

The  aerosol  spectrometer  is  essentially  a spiral  centri- 
fuge capable  of  separating  particles  by  aerodynamic  diameter 
in  the  size  range  0.03  to  1.0  ^ini.  The  lower  portion  of  the 
size  range  is  achievable  through  the  use  of  either  radioactive 
or  colored  particulate  materials  (59).  Otherwise,  the  lower 
size  limit  is  approximately  0.1  ijin  (60,61,62). 

To  achieve  the  lower  end  of  the  particle  size  range, 
high  rotational  speeds  are  used  (\/2A,000  rpm)  . With  speeds 
of  this  magnitude,  deposition  of  particles  is  violent  rela- 
tive to  other  methods  --  electrostatic  and  thermophoretic 
deposition,  membrane  filtration.  The  influence  of  the  spec- 
trometer's effect  on  agglomerates  can  only  be  determined  by 
comparison  to  another  method. 

The  particles  are  separated  and  deposited  onto  a strip 
of  metal  foil  approximately  200  cm  in  length.  Consequently, 
the  entire  strip  is  the  sample  which  must  be  analyzed  to 
determine  a size  distribution  and  shape  characteristics.  A 
disadvantage  of  the  aerosol  spectrometer  is  that  the  aerosol 
sample  does  not  enter  the  measuring  channel  a fixed  distance 
above  the  substrate  (metal  foil)  and  therefore,  the  separation 
of  the  particle  sizes  is  not  complete.  In  fact,  each  size  of 
particle  from  entry  to  the  sedimentation  channel  will  commence 
depositing  near  the  point  of  entry  and  will  form  a layer 
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finishing  at  the  point  where  the  particles  furthest  from  the 
substrate  are  deposited.  Because  of  variations  within  the 
flow  channel,  the  thickness  of  the  particle  layer  is  not 
constant.  The  varying  thickness  has  been  predicted  by 
Stober  (63)  and  later  experimentally  verified  by  Dyment  (60). 
Stbber  expresses  reservations  about  the  possibility  of 
determining  accurately  the  size  distributions  of  polydisperse 
aerosols  with  the  spectrometer.  Consequently,  use  of  the 
spectrometer  with  the  engine  exhaust  aerosol  would  prove 
difficult  in  determining  size  distributions. 

Three  factors  effect  the  accuracy  of  the  aerosol  spectro- 
meter ; 

1.  Entry  losses  --  Rapid  changes  in  direction  and 
turbulent  flow  increase  deposition  prior  to  the 
aerosol  entering  the  sedimentation  chamber.  Down- 
stream, transition  to  laminar  flow  occurs,  thus 
eliminating  turbulent  deposition.  Banst  (64)  has 
identified  the  following  entry  losses: 

dp  = 1 pm,  loss  = 50?o 

dp  = 0.1  pm,  loss  = 157o 

2.  Exit  losses  --  Undeposited  particles  pass  from  the 
system.  At  24,000  rpm  and  the  minimum  flow  rate, 
all  particles  below  0.025  pm  escape. 

3.  Assumption  of  linearity  --  The  depth  of  the  deposit 
layer  is  a linear  function  of  distance  up  to  the 
"cut-off  point.  The  cut-off  is  not  sharp  and 
varies  with  particle  size. 

Application  of  the  aerosol  spectrometer  to  the  collection 
of  particles  for  subsequent  EM  analysis  appears  limited. 
Particles  below  0.025  pm  are  not  captured  and  offer  a severe 
limitation  of  the  method.  Awkwardness  of  changing  the  strip 
after  every  sample  will  require  care  and,  therefore,  be  time 
consuming.  In  addition,  because  of  the  sample  strip's  large 
size,  a significant  amount  of  electron  microscope  time  would 
be  involved  in  analyzing  each  strip. 
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3.5.6  Electrical  Aerosol  Analyzer  (EAA) 

The  electrical  aerosol  analyzer  (EAA)  is  capable  of 
measuring  particle  size  distributions  in  situ  over  the 
diameter  range  of  0.01  to  0.7  um.  Three  operations  occur 
in  the  measurement  technique: 

• Electrical  charging 

• Precipitation  or  classification  by  electric  mobility 

• Aerosol  detection 

Three  basic  electrical  charging  processes  can  be  used,  but 
the  only  commercial  instrument  available  utilizes  charging 
by  unipolar  positive  ions.  The  relationship  between  the 
particle  charging  and  electrical  mobility  is  monotonic  be- 
tween the  geometric  particle  size  and  particle  mobility. 

This  relationship  is  therefore  used  to  infer  the  particle 
size  distribution  from  the  measured  mobility  distribution. 

Figure  23  is  a schematj-c  diagram  of  the  EAA  marketed 
by  Thermo-Systems,  Inc.'’'  The  major  components  include  the 
aerosol  charger,  mobility  analyzer  tube,  current  sensor, 
and  associated  electronic  and  flow  controls.  The  sample 
flow  rate  to  the  instrument  is  4 £/min  with  an  additional 
45  i/rnin  of  clean  air  needed  to  operate  the  EAA. 

Space  charge  and  diffusion  losses  within  the  charger 
account  for  the  major  portion  of  the  losses  within  the 
instrument.  Results  from  detailed  analysis  (65)  indicate 
that  because  of  these  losses,  the  smallest  particle  size 
range  is  about  0.006  pm  and  that  sizing  down  to  0.003  pm  is 
possible  under  certain  circumstances. 

Figure  24  gives  a comparison  of  the  EAA’s  output  against 
a monodispersed  aerosol  input.  The  correlation  is  seen  to 
be  excellent  in  the  particle  size  range  from  0.006  pm  to 


* 2500  Cleveland  Ave . North,  St.  Paul,  Minn.  55113 

IIT  RESEARCH  INSTITUTE 

82  IITRI-C6352-10 


MAI1  VlOV 

T»*Nsojcr« 


4(K0SCL 


Ai» 


NirokC  Y 


'*  »e 


AEROSOL  I 

charger! 


uiJlfc';',,. 


I ElXCTRICAl.  SIGNAL 

*- AEBOSOL  Fl  nwriATf 

-COAOHA  VOITA.3C 


*~l  ) >4» 
• 9 (M  0« 


-^K-1 


I MOeiUTVl 
ANALY2ERI 


‘ I r 

I -CHARGING  Current 


SCREES  voltage 


•AGO  voltage 


ELECTROME' 

CURRENT 

SENSOR 


UASS  rvo«  T |‘  ^ 'ac- 

’AiM»J0vXt4 


Electrometer 

* CURRENT 


--.TOTAL  EiOif 


Figure  23 

SCHEMATIC  OF  THE  THERMO- SYSTEM  MODEL  3030 
ELECTRICAL  AEROSOL  ANALYZER 


IIT  RESEARCH  INSTITUTE 


IITRI-C6352-10 


/ 4 « * ^ ^ A 

#«»  •* 


Geometric  Mean  of  Response  - d (yra) 


r 


1 


0.6  pm.  However,  within  the  0.6  to  1.0  pm  particle  size 
range,  the  instrument's  response  is  reduced  about  35  percent. 

Stability  of  the  EAA  during  the  measurement  cycle  is 
difficult  to  predict  and  control.  Changes  in  the  aerosol 
concentration  as  a function  time  tend  to  cause  errors  in  the 
calculated  particle  numbers  (65).  Magnitude's  involved  with 
this  error  are  unknown,  therefore  requiring  that  the  aerosol's 
concentration  be  as  stable  as  possible.  A "damping"  chamber 
can  be  used  (20-50  liters)  to  minimize  fluctuations  of  this 
type. 

Other  non-ideal  effects  have  been  observed  in  the  past 
with  the  commercial  EAA,  but  are  not  fully  understood.  One 
effect  is  negative  currents  for  several  of  the  smallest 
particle  size  ranges.  Instrument  to  instrument  variations 
have  also  been  observed  and  are  probably  due  to  insulator 
charging  effects  in  the  mobility  analyzer. 

3.5.7  Recommendations  for  Particle  Size  Analysis 

The  design  configuration  of  the  sampler  is  constrained 
to  deliver  information  regarding  particle  size,  particle 
shape,  and  chemical  composition.  The  particulate  mass  concen- 
tration (mass  loading)  of  the  engine's  exhaust  is  also  required. 
Because  different  engines,  power  settings,  fuel  types,  and 
atmospheric  conditions  are  the  important  variables,  multiple 
samples  are  mandatory. 

The  techniques  available  for  particle  sizing  have  been 
reviewed.  The  only  real-time  instrument  available  is  the 
Electrical  Aerosol  Analyzer  (EAA)  offered  by  Thermo-Systems. 

It  has  a usable  particle  size  range  of  0.01  to  0.7  pm.  The 
electron  microscope  (EM)  can  in  itself  meet  the  program 
requirements  --  0.001  pm  to  2 pm  --  but  suffers  from  elaborate 
sample  preparation.  The  samples  must  also  be  stored  for  a 
period  before  analysis.  The  EM  is  the  only  method  by  which 
complete  shape  characteristics  can  be  obtained.  Also,  the  EM 
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through  the  X-ray  probe  can  provide  data  on  elemental  com- 
position where  the  concentration  of  the  element  exceeds  the 
technique's  sensitivity.  The  EM  is  the  only  instrument 
capable  of  performing  these  tasks  and  therefore  indispensable 
in  the  task  of  sample  analysis. 

Upon  selection  of  the  most  appropriate  method  of  particle 
size  analysis,  the  EAA  is  considered  necessary  for  two  reasons. 
Real-time  data  is  highly  useful  in  operating  the  sampler  in 
the  test  cell.  This  has  direct  implication  to  the  preparation 
of  EM  samples  (grids)  as  discussed  later.  Second  is  that  the 
size  range  covered  is  nearly  two  orders  of  magnitude  -- 
considerable  when  compared  to  other  techniques.  The  EAA  is 
well  documented  in  the  literature  and  widely  used. 

Many  techniques  are  available  for  the  preparation  of  EM 
grids.  These  have  been  reviewed  and  the  most  suitable  for 
this  application  is  the  use  of  Nuclepore  filters  with  EM  grids 
attached  directly  to  the  filter  substrate.  Both  the  grids  and 
Nuclepore  material  are  compatible  with  EM  analysis.  Also,  the 
technique  is  totally  mechanical  in  nature,  thus  avoiding  the 
complication  of  electrical  circuitry.  The  EM  is  sensitive  to 
the  particle  loading  on  the  grid.  If  the  particles  are  too 
sparse,  a large  number  of  fields  must  be  analyzed  absorbing 
valuable  time.  On  the  other  hand,  if  the  particle  loading  is 
too  dense,  the  particle's  characteristics  are  masked  because 
of  close  proximity  to  each  other.  Therefore,  the  correct 
particle  loading  must  be  achieved  to  obtain  the  best  results. 
The  EAA  is  very  useful  in  this  regard,  as  a direct  reading  of 
the  particulate  concentration  is  available  allowing  modifi- 
cation of  the  sample  before  collecting.  This  should  maximize 
the  number  of  good  samples  and  minimize  the  number  of  repeat 
samplings . 
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4. 


SAMPLER  DATA  AND  SAMPLE  HANDLING  PROTOCOL 

The  sampler's  components  have  been  discussed.  Basically, 
information  from  the  sampler  will  come  from  three  sources: 
analysis  through  the  elctron  microscope,  electrical 
aerosol  analyzer,  and  glass  fiber  filters.  A list  of  the  data 
available  from  each  source  is  given  below: 

• Nuclepore  filter  and  EM  grids  --  Particle  size  and 
shape  data  from  O.OOl  pm  to  approximately  2 pm.  Particle 
morphology  and  elemental  analysis  on  individual  or 
group  particle  basis. 

• Electrical  Aerosol  Analyzer  --  Real-time  particle 
size  distribution  based  on  electrical  mobility  from 
0.01  to  0.7  pm.  Time  required  for  a measurement 
cycle  is  about  three  minutes. 

• Glass  fiber  filter  --  Rate  of  total  mass  emission. 
Analysis  of  deposit  gives  organic  chemical  content 
and  analysis  of  trace  elements.  The  elemental 
analysis  performed  on  the  deposit  augments  the 
analysis  done  under  the  EM. 

The  particulate  sample  deposited  on  the  Nuclepore  filter 
and  EM  grids  will  require  handling  and  storage  after  collec- 
tion. The  samples  obtained  after  a test  run  must  be  removed 
from  the  sampler  and  placed  inside  protective  packages. 

Shipment  of  the  samples  (after  properly  labeled)  back  to  IITRI 
can  be  accomplished  in  two  ways.  The  first  is  by  separate 
freight  and  the  second  is  with  the  sampling  team  upon  their 
return.  The  samples  should  not  undergo  any  degradation  for 
the  short  time  periods  involved.  Upon  receipt  of  the  samples 
at  IITRI  in  Chicago,  analysis  is  initiated  by  sample  prepara- 
tion. Subsequent  to  this,  size,  shape,  and  composition  data 
are  obtained  with  the  electron  microscope.  The  size  data 
obtained  will  augment  the  data  generated  by  the  EAA. 

The  glass  fiber  filter  will  yield  the  total  mass  emis- 
sion rate  by  gravimetric  analysis.  The  filters  must  be 
weighed  initially  and  subsequent  to  sample  collection.  Control 
filters  are  also  required  to  assess  the  effects  of  relative 
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humidity.  .The  weighing  is  to  be  performed  at  United  Airlines 
on  a normal  analytical  balance.  After  this,  the  filter  will 
be  placed  inside  pyrex  petri  dishes  and  kept  in  the  dark. 

Where  convenient,  samples  undergoing  organic  chemical  analy- 
sis will  be  kept  as  cool  as  practical  to  minimize  losses  due 
to  volatization.  To  be  noted  is  that  filter  removal  from  the 
sampler  must  be  immediate. 

Selection  of  the  best  glass  fiber  filter  material  is 
difficult  because  the  analyses  performed  require  different 
substrates.  Whereas  glass  fiber  filters  are  appropriate  for 
organic  analysis,  they  are  not  appropriate  for  metallic 
analysis.  For  trace  element  analysis,  cellulose  filters  are 
the  most  suitable*. 

Cleaning  the  sampling  probe  and  transport  lines  to  the 
main  diluter  is  necessary  at  least  once  to  quantify  the 
internal  particulate  deposition.  An  organic  solvent  -- 
chloroform  --  should  be  used  to  rinse  the  inner  walls  of  the 
sample  line  and  sampling  probe  assembly.  Chloroform  is 
desirable  because  evaporation  occurs  rapidly  in  air  without 
leaving  an  apparent  residue.  Before  the  next  run  is  initiated, 
the  internal  surfaces  should  be  dry.  The  solvent-particulate 
material  mixture  can  be  placed  into  a glass  bottle  for  sub- 
sequent mass  analysis. 


* To  overcome  the  dilema,  pre-washed  glass  fiber  filters 
should  be  used  to  minimize  extraneous  metals  and  organic  binders 
present  in  the  filter  material.  Then  an  extraction  procedure 
(probably  using  hot  nitric  acid)  should  be  used  to  remove  the 
particualte  material  from  the  glass  fiber  filter.  Filtration 
of  the  particulate  material  onto  a small  cellulose  filter  will 
both  concentrate  the  sample  and  permit  convenient  analysis. 
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5. 


MECHANICAL  DESIGN  OF  SAMPLER 


An  overall  configuration  of  the  sampler  is  given  in 
Figure  25.  The  main  components  of  the  exhaust  sampler  are 
indicated  on  the  diagram.  The  exhaust  gas  sample  flow  rate 

■5 

extracted  by  the  probe  will  be  either  5,  10,  or  19  actual  m /hr 
depending  on  the  engine's  power  setting.  These  flow  races 
correspond  to  idle,  approach,  and  a nozzle  inlet  Mach  number 
of  0.8.  The  inside  nozzle  diameter  planned  for  each  of  the 
three  probes  is  0.2  cm.  Design  details  of  the  sampling  probe, 
sample  line,  and  main  sample  diluter  are  given  in  this  section. 

5 . 1 Component  Design 

Supply  air  to  the  main  sample  diluter  is  available  through 
existing  facilities  at  United  Airline's  engine  test  cells. 

The  supply  air  auxiliary  equipment  is  commercially  available 
except  for  the  f ive-orrf ice  cartridge  necessary  to  control 
the  dilution  air  flow  rate.  The  nominal  flow  rates  antici- 

3 

pated  are  34,  60,  85,  110,  and  140  actual  m /hr.  The  orifice 
cartridge  assembly  will  be  fabricated  at  IITRI  and  is  com- 
prised of  a plate  within  which  is  machined  a series  of  ori- 
fices. Positioning  the  plate  to  any  one  of  the  orifices 
effectively  regulates  the  air  flow.  The  filter  selected  is 
an  absolute  type  capable  of  very  high  (987o)  collection  effi- 
ciencies. The  dryer  is  composed  of  a bed  of  water  adsorbing 
materials  (dririte)  capable  of  being  recycled.  A line  heater 
is  also  necessary  to  maintain  the  sample  above  the  dew  point 
and  is  not  shown  on  Figure  25. 

In  the  design  of  the  flow  control  system,  remote  control 
and  readout  systems  will  be  used  throughout.  The  three-way 
ball  valve  used  to  divert  the  flow  through  the  bypass  circuit 
is  motorized.  The  three  shut-off  valves  are  all  1/2  solenoid 
operated.  The  two  inch  ball  valve  on  the  secondary  sampling 
circuit  (electrical  aerosol  analyzer  and  five-position  turret 
for  the  electron  microscope  grid  samples)  is  also  motorized. 
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Turrets  are  employed  for  both  the  mass  measurement  and 
in  the  preparation  of  the  electron  microscope  grid  samples. 

The  use  of  five  positions  allows  the  sampler  to  be  operated 
for  each  of  the  five  engine  power  settings  without  any  man- 
ual attendance.  As  a consequence,  engine  operation  time  is 
minimized.  The  method  of  activation  for  both  turrets  is 
through  an  ordinary  pneumatic  ratchet.  Motorized  indexing 
systems  are  more  costly  while  pneumatic  systems  require 
greater  set-iip  time.  For  a single  unit,  which  is  our  case, 
the  pneumatic  approach  is  cost  effective. 

A small  aliquot  of  the  main  sample  stream  will  be  diverted 
to  the  EAA  and  EM  grid  preparation  stage  (less  than  5%).  A 
special  diluter  will  be  made  to  provide  a variable  dilution 
in  order  to  provide  a suitable  loading  to  the  EAA  and  EM  grid 
station.  The  excess  material  must  be  dumped  because  the  flow 
to  the  sampling  equipment  is  restricted  to  low  values.  The 
operating  sequence  should  permit  only  one  of  the  systems  to 
function  at  any  particular  time.  This  way  the  EAA  can  give  a 
tentative  mass  loading  in  addition  to  a particle  size  distri- 
bution. Also,  the  particulate  mass  concentration  applied  to 
the  EM  grids  will  be  known,  affording  the  opportunity  to 
adjust  the  exposure  time  to  maximize  the  chance  of  a good 
s amp 1 e . 

The  second  diluter  is  necessary  to  further  reduce  the 
concentration  of  the  exhaust  particles.  The  design  of  this 
diluter  is  not  yet  complete.  The  basic  concept  is  similar 
to  the  main  sample  diluter  except  that  the  dilution  ratios 
vary  over  a wider  range.  Critical  flow  orifices  operated  by 
solenoid  valves  control  the  flow  giving  precise  levels 
affording  accurate  knowledge  of  the  dilution  ratios  at  all 
times.  Only  a portion  of  the  diluted  sample  will  be  used 
by  either  the  electrical  aerosol  analyzer  or  the  EM  grid 
turret.  Therefore,  part  of  the  flow  must  be  diverted. 

Filtered  compressed  air  supplies  the  dilution  air.  The 
concentration  ratio  between  stages  is  varied  by  changing  the 
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flow  rate  of  the  spillover  exhaust  from  the  end  of  the  sys- 
tem. The  dilution  ratio  for  any  stage  is  governed  by  the 
following  relationship 


*^e  ^ *^bn  *^an 

where 

R = ratio  of  concentration  in  state  n to  that  in  the 
prior  state  (n  - 1) 

q = dilution  air  flow  rate  introduced  just  prior  to 
^an  ^ ^ 

state  n 

= air  flow  rate  withdrawn  from  stage  n 
= exhaust  overflow  rate  from  end  of  system 

The  dilution  ratios  between  sucessive  stages  can  be  varied. 

For  this  application,  the  use  of  four  stages  with  concentra- 
tion ratios  between  stages  equal  to  five  gives  dilutions 
varying  from  5 to  625.  However,  the  dilution  steps  are  large 
and  the  addition  of  a fifth  dilution  stage  designed  to  reduce 
the  concentration  by  a factor  of  2 would  afford  greater  oper- 
ating flexibility.  Also,  the  maximum  dilution  ratio  avaliable 
increases  to  1250.  Calculations  indicate  that  this  range 
is  adequate.  Therefore,  the  secondary  diluter  v^ill  utilize 
five  dilution  stages,  any  of  which  can  be  used  to  give  the 
desired  dilution. 

The  fan  package  consists  of  the  fan  itself,  flow  con- 
trols, and  measurements  for  temperature  and  pressure.  The 
flow  controls  and  measurements  are  placed  downstream  of  the 
bypass  and  sample  union. 

Facility  for  purging  (clean  compressed  air)  the  sampling 
probe  is  necessary  to  maintain  the  cleanliness  of  the 
sampling  lines  during  engine  starts.  Clouds  of  atomized 
fuel  have  been  observed  upon  engine  starting  and  ingestion 
of  this  material  would  surely  compromise  the  exhaust  sample 
collected  later. 

•IT  RESEARCH  INSTITUTE 

92 


I1TR1-C6352-10 


Deposition  within  the  short  transport  pipe  between  the 
probe  and  diluter  could  be  significant.  A Reynolds  number  of 

2.800  is  indicated  by  Strom  (66)  to  result  in  minimum  deposition. 
Assuming  the  fluid  properties  at  the  exit  plane  of  the  engine,  back 
calculation  gives  the  following  for  the  extreme  power  settings: 

Take-off  --  D = 1 in.  --  Nj^  = 4,080 
Idle  --  D = 1 in.  --  Nj^  = 1,420 

As  seen  in  the  deviation  from  the  nominal  2,800,  the  1 inch  diameter 
is  the  best  compromise.  Downstream  from  the  main  dilution,  the 
flow  is  much  higher  requiring  a larger  diameter  tube.  A diameter 
of  2 inches  gives  a take-off  of  42,400  and  a value  of 

14.800  at  idle,  both  larger  than  2,800.  However,  deposition  is 
minimized  because  the  particles  are  focused  toward  the  pipe  center- 
line  and  the  transport  length  is  short.  These  pipe  sizes  are 
reasonable  and  readily  available  in  316  stainless. 


Bends  in  the  transport  tube  promote  deposition  and  are 
considered  sharp  (66)  if 


R 


p d ^UC 
P P 

(1.8)Pg 


where  the  variables  have  already  been  defined. 

The  maximum  velocity  within  the  1 inch  transport  pipe 
will  be  approximately  12  m/sec  (40  ft/sec).  Assuming  d^  is  equal 
to  2.0  vim,  and  substituting  typical  exit  plane  values,  results 
in  R < 0.18  cm  (0.07  in.).  In  a practical  sense,  values  for 
R this  small  result  in  no  constraints  at  all.  Downstream 
from  the  main  diluter,  the  maximum  velocity  in  a 2 inch  pipe 
is  about  30  m/sec  (100  ft/sec)  resulting  in  a R < 0.5  cm 
(0.2  in.).  Again,  this  results  in  no  practical  limitation. 


A tentative  design  of  the  sampling  nozzle  is  given  in 
Figure  26.  The  leading  edge  of  the  nozzle  is  sharp  as 
practical  to  result  in  minimum  disturbance  to  the  flow  and 


III  RESEARCH  INSTITUTE 


93 


IITRI-C6352-10 


and  particles.  Tine  (67)  reports  that,  in  practice,  the 
external  conical  surface  taper  of  the  nozzle  usually  range 
from  10°  to  45°  relative  to  the  centerline.  An  angle  of 
15°  seems  to  be  the  practical  limit  of  the  taper  given  the 
harsh  environment  at  the  engine's  exit  plane.  The  area 
expansion  inside  the  nozzle  is  of  sufficient  magnitude  to 
decelerate  the  flow  and  avoid  the  problems  associated  with 
shock-wave  and  boundary- layer  interactions.  The  outside 
taper  of  the  nozzle  is  gradual  to  reduce  the  flow  distur- 
bance caused  by  the  probe  and  to  locate  the  leading  edge  of 
the  nozzle  10  diameters  (2  cm)  upstream  from  the  probe 
support  structure. 

Additional  drawings  are  given  to  show  details  in  the 
probe  and  sampler  design.  Figure  27  indicates  the  method  of 
securing  the  upper  two  sampling  nozzles  to  the  support  frame. 
Note  that  a clamp  is  provided  near  the  probe  tip  to  prevent 
bending  and  avoid  complications  arising  from  vibration.  The 
sampling  tube  is  secured  to  the  trailing  edge  of  the  probe 
support  structure.  Figure  28  indicates  the  sampling  tube 
geometry  for  the  lower  two  sampling  nozzles.  Probes  for 
each  of  the  three  engines  will  be  fabricated  in  an  identical 
fashion . 


The  fixture  holding  the  sampling  probe  to  the  engine 
is  identical  to  the  present  technicue  used  by  United  Airlines. 
The  technique  is  time  proven  and  already  meets  their  approval. 
Also,  the  support  structure  of  the  probe  will  be  identical  to 
that  presently  used  by  United  Airlines.  This  is  desirable 
as  design  time  is  reduced  and  affords  greater  reliability. 

The  United  Airlines  drawing  numbers  corresponding  to  the  three 
engines  under  investigation  giving  design  details  are: 

JT3D  --  9SF6666-78-OOT 
JT8D  --  9SR6576-78-OON 
JT9D  --  9SF6720-78-OOP 
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The  individual  sampling  lines  originating  from  each 
sampling  nozzle  are  converged  to  a single  sampling  line. 

The  manifold  is  shown  in  Figure  29.  A setscrew  and  plate 
are  used  to  anchor  the  four  sampling  lines.  A slight 
converging  section  is  required  to  adjust  the  sample  flow 
to  the  one  inch  sampling  line.  Sharp  shoulders  are  avoided 
to  minimize  particle  deposition  due  to  inertial  impaction. 

During  engine  testing,  movement  of  the  engine  itself 
occurs  thus  mandating  the  use  of  a flexible  jo.’.nt.  Figure  30 
shows  the  design  for  the  flexible  connector.  The  approximate 
length  is  36  inches  and  is  compatible  with  schedule  40 
stainless  steel  tubing*  The  inner  polymer  layer  of  the  hose 
is  removed  to  avoid  contamination  problems.  Location  of  the 
flexible  joint  is  downstream  from  the  manifold  and  upstream 
from  the  main  diluter  tube.  With  the  removal  of  the  inner 
liner,  the  exposed  surface  is  essentially  that  of  the  wire 
weave  itself.  Two  options  exist  in  terms  of  a replacement 
liner  to  avoid  particle  deposition.  The  first  is  a metal 
foil  which  would  require  periodic  replacement  and  the  second 
is  the  application  of  a thin  gauge  stainless  steel  tube 
(0.010-0.020  in.  wall  thickness)  to  serve  as  an  inner  liner. 

In  using  the  stainless  steel  tube,  flexibility  is  reduced 
but  a smooth  durable  surface  is  achieved.  The  tube  appears 
to  be  the  most  appropriate  at  this  time.  Practical  operating 
experience  may  suggest  better  alternatives. 

Figures  31  and  32  give  the  main  sample  diluter.  Swagelock 
fittings  are  indicated  on  these  two  drawings , but  flanged 
joints  could  also  be  used  as  indicated  on  Figure  23.  The 
porous  tube  is  comprised  of  sintered  stainless  steel  parti- 
cles giving  a nominal  pore  size  of  one  micron. 

5 . 2 Exhaust  Sampler  Congifuration  in  Test  Cell 

Sketches  for  the  two  test  cells  planned  for  use  by 
United  Airlines  are  given  in  order  to  best  locate  the 

* Outside  diameter  = 3.34  cm,  inside  diameter  = 2.66  cm. 
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SAMPLING  LINE  MANIFOLD  ASSEMBLY  FOR  TRANSITION  TO  ONE  INCH  TUBE 


FLEXIBLE  CONNECTOR 


Seamless  Tube 
4"  Nominal 


OUTLET  ASSEMBLY  FOR  MAIN  DILUTEE 


sampler  under  design.  An  important  consideration  in  this 
regard  is  the  transport  length  the  exhaust  sample  must 
undergo.  This  length  must  be  minimized.  In  conjunction 
with  transport  length  is  the  practical  considerations  in- 
volving mechanical  support  for  the  sampler  box  and  main 
diluter . 

Figure  33  shows  a sketch  of  the  test  cell  geometry 
applicable  to  the  JT3D  and  JT8D  engines.  In  this  case, 
the  sampler  box  is  positioned  along  the  side  of  the  engine 
at  approximately  the  mid-point.  The  main  diluter  transports 
the  sample  on  a diagonal  both  downward  and  forward.  The 
length  of  the  main  diluter  itself  is  approximately  5 feet. 

In  the  test  cell  where  the  JT3D  and  JT8D  engines  will  be 
sampled,  tie-down  loops  are  installed  in  the  floor,  thus 
providing  adequate  support  for  the  sampling  box.  An  alter- 
native location  exists  for  the  sampler  box  in  this  test 
cell  --  behind  the  cell's  exhaust  tube.  Air  flow  in  this 
region  of  the  test  cell  is  considerably  reduced  from  the 
engine  mid-point  location,  but  a significant  turn  and 
longer  distance  in  the  sample  line  is  necessary  to  accomo- 
date the  alternative  location. 

In  additioii,  the  secondary  air  flow  velocity  near  the 
cell's  exhaust  tube  may  be  high,  thus  indicating  large 
forces  on  the  sampling  line  passing  through  this  region. 

A sketch  of  the  test  cell  geometry  where  the  JT9D  is 
operated  is  given  in  Figure  34.  Two  acceptable  locations 
exist  for  the  sampler  box  based  on  acoustical  energy  patterns 
about  an  engine.  One  is  along  the  staircase  leading  to  the 
floor  of  the  cell  and  the  second  is  on  the  floor  of  the 
movable  platform.  Both  locations  occur  forward  of  the 
engine's  exit  plane  and  thus  are  favorable  acoustically. 

Also,  the  distance  the  sampling  line  exposure  to  the  "fan 
air"  is  minimized.  However,  the  staircase  platform 
(specially  constructed)  is  a much  more  convenient  location 
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:W  SKETCH  OF  UNITED  AIRLINES  TEST  CELL  #3  WHERE  JT3D  AND 
JT8D  ARE  OPERATED  WITH  EXHAUST  SAMPLER  LAYOUT 


r 


H h-“’ 


Figure  34 

TOP  VIEW  SKETCH  OF  UNITED  AIRLINES  TEST  CELL  #4 
WHERE  THE  JT9D  ENGINE  IS  OPERATED 
WITH  EXHAUST  SAMPLER  LAYOUT 
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as  the  sampler  is  fixed  relative  to  the  engine.  The  test 
cell  platform  traverses  vertically  to  facilitate  inspection 
and  installation  of  the  engine,  and  if  the  engine  was 
located  here,  special  provision  would  have  to  be  made  to 
permit  the  required  flexibility  in  the  sampling  line.  In 
addition,  the  fan  air  would  be  considerable  on  the  platform, 
while  along  the  staircase,  the  sampler  can  be  placed  far 
enough  forward  to  avoid  this  problem. 
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Appendix  A 

ANALYSIS  BY  ELECTRON  MICROSCOPY 
OF  J-93  TEST  SAMPLES 
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ANALYSIS  BY  ELECTRON  MICROSCOPY 
OF  J-93  TEST  SA>IPLES 


Particle  samples  from  the  J-93  tests  were  received  from 
Dr.  Tony  Broderick  of  the  U.S.  Department  of  Transportation, 
Transportation  Systems  Center.  These  particle  samples  were 
collected  on  carbon  film  substrates  --  copper  electron  mic- 
roscope (EM)  grids.  Electrostatic  precipitation  was  the 
mechanism  used  to  deposit  the  exhaust  particles  onto  the  EM 
grids . 

The  analysis  of  these  samples  at  IITRI  had  the  following 
obj  ectives ; 

1.  To  familiarize  ourselves  with  the  types  and  mor- 
phology of  the  various  jet  engine  exhausts  in 
order  to  recommend  useful  sample  collection 
methodology . 

2.  To  determine  the  best  operating  mode  or  combination 
of  electron  microscopy  modes  in  order  to  maximize 
acquisition  of  information  on  particle  samples 
(morphology  and  other  characteristics). 

3.  To  correlate  image  results  and  operating  mode  to 
automatic  image  analysis. 

4.  To  determine  elemental  composition  and  electron 
diffraction  analysis  versus  particle  morphology. 

5.  To  identify  the  information  acquisition  potential 
of  various  electron  microscope  operating  modes. 

The  JEOL  lOOC  Scanning  Transmission  Electron  Microscope  (STEM) 
at  IITRI  has  the  following  instrument  capabilities  or  modes 
of  operation: 

1.  Conventional  Transmission  Electron  Microscopy  (CTEM) 
in  brightfield,  as  well  as  darkfield,  illumination 

2.  Secondary  Electron  Microscope  (SEM) 

3.  Scanning  Transmission  Electron  Microscope  (STEM) 
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4.  Elemental  Analysis  by  energy  dispersive  X-ray 
analysis . 

5.  Electron  Diffraction  Analysis. 

With  the  provided  jet  exhaust  samples,  the  system  capability 
for  these  samples  was  evaluated. 

J-93  TEST  SAMPLES  AND  ANALYSIS  PROCEDURE 

A total  of  15  samples  were  received  for  study  and  Table  Al 
gives  the  corresponding  conditions  and  figure  numbers  for 
typical  photomicrographs.  The  copper  grid  was  broken  in 
sample  11-69  and  no  film  substrate  was  observed  on  the  grid 
in  sample  III-5. 

Samples  I- 10  and  11-68  were  used  in  comparing  the  various 
operating  modes  of  the  microscope  to  learn  which  mode  pro- 
duced the  best  results.  The  basic  modes  compared  were  the 
CTEM,  SEM,  and  STEM  using  various  aperture,  accelerating 
voltages,  and  instrument  settings  to  maximize  image  quality 
and  information.  The  selected  mode  and  operating  conditions 
were  then  used  to  observe  the  rest  of  the  samples. 

RESULTS  OF  ELECTRON  MICROSCOPE  ANALYSIS 

The  conventional  transmission  electron  microscope  (CTEM) 
was  found  to  give  the  best  results  in  regard  to  the  J-93 
samples.  Operating  conditions  of  the  microscope  include  an 
accelerating  voltage  of  60  kv,  an  illuminating  spot  size  of 
y)2,  a condenser  aperture  of  #1,  and  an  objective  aperture  of 
#3  were  found  to  produce  well-defined  images.  Several  prob- 
lem areas  in  the  STEM  and  SEM  operating  modes  were  identified. 
These  problems  were  due  to  the  presence  of  the  grid  and  the 
nature  of  the  sample.  The  most  useful  samples  were  observed 
with  the  CTEM  mode. 

Observation  of  all  samples  showed  that  the  samples  could 
be  divided  into  two  basic  types  --  wet  (liquid  drops)  and 
dry  (clusters  and  individual  particles).  The  afterburning 
power  setting  samples  were  extremely  wet  and  the  presence 
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Table  Al 


J-93  EXHAUST  PARTICLE  SAMPLES* 


Sample  Number 

Engine  Operating 
Condit ion 

Respective  Figure  Number 

I-IO,  11,  12 

Military  Power 
65,000  ft 
M = 2 

1-25,26 

Afterburning 
65  000  ft 
M = 2 

1-25,  Figure  No.  Al 
1-26,  Figure  No.  A2 , A3 

1-39,  69,  74 

Military  Power 
75,000  ft 
M = 2 

11-68,  69,  74 

Military  Power 
55,000  ft 
M = 2 

11-68,  Figure  No.  A4,  A5,  A6 

III-20,  31 

Military  Power 
65,000  ft 
M = 2.7 

III-20,  Figure  No.  A7 , A8 

III-5 

Military  Power 
35,000  ft 
M = 1.4 

Figure  A9 , no  carbon  film 

* Obtained  from  Dr.  Anthony  J.  Broderick,  Environmental 
Measurements  Branch,  U.S.  Department  of  Transportation, 
Cambridge,  Massachusetts  02142. 
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Figure  A1 

SAMPLE  1-25,  J-93:  AFTERBURNING,  65,000  FT., 
M = 2;  MAGNIFICATION  = 1.6K 


L ' 

afi 


SAMPLE  1-26;  J-93: 
MAGNIFICATION  ^ 


Figure  A2 

AFTERBURNING.  65,000  FT.,  M 
20K  (FIRST  PHOTOMICROGRAPH) 


Figure  A3 

SAMPLE  1-26;  J-93:  AFTERBURNING,  65,000  FT.,  M 

MAGNIFICATION  = 20K  (SECOND  PHOTOMICROGRAPH) 
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Figure  A4 

SAMPLE  11-68;  J-93:  MILITARY  POWER,  55,000  FT. 

M = 2;  MAGNIFICATION  = 1,000X 


Figure  A5 

SAMPLE  11-68;  J-93:  MILITARY  POWER,  55,000  FT. 

M = 2;  MAGNIFICATION  = 6.6K 
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Figure  A6 

SAMPLE  11-68;  J-93:  MILITARY  POIIER,  55,000  FT. 

M = 2;  MAGNIFICATION  = 20K 


Figure  A7 

SAMPLE  III-20;  J-93;  MILITARY  POWER,  65,000FT 
M-  2.7;  MAGNIFICATION  = lOK 
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Figure  A8 

SAMPLE  III-20;  J-93:  MILITARY  POWER,  65,000  FT. 

M = 2.7;  MAGNIFICATION  = 20K 


Figure  A9 

SAMPLE  III-5;  J-93:  MILITARY  POWER,  35,000  FT., 

M = 1.4;  MAGNIFICATION  = 90X 

IIT  RESEARCH  INSTITUTE 

121  IITRI-C6352-10 


of  liquid  was  obvious.  Photographs  were  taken  to  indicate 
the  presence  of  liquid  drops  and  the  evaporation  of  these 
drops  on  exposure  to  the  electron  beam  (Figures  A2  and  A3). 

The  stereotyped  clusters  and  chainlike  particles  (dry) 
attributed  to  combustion  generated  emissions  that  were  obser- 
ved on  sample  III-20,  as  shown  in  Figures  A7  and  A8 , and  on 
sample  III-31.  Photomicrographs  of  the  various  samples  indi- 
cate that  this  type  of  particle  was  observed. 

The  electron  diffraction  analysis  of  a few  particles 
indicated  the  typical  amorphous  pattern  of  a carbonaceous 
nature.  No  metallic  elements  were  observed  during  X-ray 
imaging  of  a few  dry  particles. 

On  the  basis  of  the  observed  samples,  sizing  of  the 
particulates  (solid  and  liquid)  in  the  jet  exhaust  by  use  of 
the  electron  microscope  will  be  difficult.  However,  this 
may  be  attributed  to  the  age  of  the  sample  and  possible 
subsequent  liquid  adsorption  which  may  have  affected  the 
particle  characteristics. 

The  aircraft  engines  of  interest  in  the  present  study 
include  the  JT3D,  JT8D,  and  JT9D  --  all  commercial  subsonic 
engines.  Because  afterburning  is  not  employed  with  these 
engines,  wet  particle  samples  similar  to  those  of  Figures  Al, 
A2,  and  A3  should  not  be  encountered.  However,  storage  for 
long  periods  of  time  should  be  avoided  as  the  nature  of  the 
particle  samples  obtained  from  these  engines  is  unknown. 

The  electron  microscope  is  the  only  instrument  available  for 
direct  observation  of  the  extremely  small  particles  (particles 
less  than  0.01  pm  in  diameter).  Consequently,  the  electron 
microscope  is  necessary  for  sizing,  calibration  of  the  other 
measurement  techniques,  and  spot  checking  of  sampling 
methodology. 
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Appendix  B 

ORGANIC  CHEMICAL  ANALYSIS  OF  COLLECTED 
ENGINE  SOOT  SAMPLE 
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ORGANIC  CHEMICAL  ANALYSIS  OF  COLLECTED 
ENGINE  SOOT  SAMPLE 


In  order  to  anticipate  the  quantity  of  exhaust  particulate 
necessary  for  a full  organic  chemical  analysis,  an  actual  soot 
sample  was  scraped  from  the  exhaust  nozzle  of  a JT8D  engine. 

The  acquisition  of  this  sample  included  only  soot  from  the 
inside  surface  of  the  nozzle.  Soot  on  the  outside  of  the  nozzle 
appeared  physically  different  --  an  agglomerated  mass  of 
material . 

Analytical  studies  conducted  on  the  carbon  residue  in- 
volved a preliminary  extraction  of  the  adsorbed  material  with 
methanol.  For  this  extraction,  a weighed  amount  of  sample 
(397  mg)  was  placed  in  a 10  ml  volumetric  flask  and  filled  to 
volume  with  absolute  mfethanol.  The  flask  was  allowed  to  sit 
for  24  hours  at  room  temperature  with  intermittent  mixing. 

This  sample,  which  was  dark  brown  in  color,  served  as  the 
stock  solution  for  the  subsequent  analysis  performed. 

Initial  screening  was  carried  out  by  scanning  the  atten- 
uated (UV)  region  in  order  to  obtain  some  information  as  to 
the  presence  of  polynuclear  aromatic  (PNA)  and  other  possible 
aromatic  species  present.  The  spectrum  shown  in  Figure  B1 
indicates  the  presence  of  low  levels  of  materials  out  to 
350  nm.  Such  components  are  typically  associated  with  con- 
densed ring  systems  of  the  PNA  type  molecules.  The  absorption 
below  250  nm  suggests  the  presence  of  highly  polar  and/or 
relatively  simple  ring  systems.  In  view  of  the  relatively 
large  background,  absorption  throughout  the  entire  UV  region 
would  suggest  the  presence  of  numerous  aromatic  species 
yielding  a very  general  background  spectrum.  In  order  to 
separate  and  characterize  the  general  nature  of  the  components 
present,  high  pressure  liquid  chromatography  was  explored. 

A DuPont  Model  830  high  pressure  liquid  chromatography 
(HPLC)  fitted  with  a 1 m x 2.1  m Permaphase  ODS  column 

(octadecylsine  coating  on  30  \im  particles  of  silica;  reverse 
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25 


UV  wavelength  (nm) 


Figure  B1 

INITIAL  UV  SCAN  OF  EXTRACTED  CARBON 
RESIDUE  (dilution  = 1:500) 
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phase)  solvent  gradient  assembly  and  UV  detector  (245  nm) 
was  used  to  gain  some  information  regarding  the  number  and 
types  of  components  present  in  the  sample.  For  these 
analyses,  the  following  parameters  were  used;  Temp.  = 50°C; 
Pres.  = 450  psi;  Gradient  - 70:30  to  30:70  at  37„  linear 
increments  of  MeOH  solution.  Initially,  100  pi  of  a 1:10 
dilution  or  the  original  lleOH  stock  solution  was  injected 
on  the  column  and  found  to  be  too  dilute  for  suitable 
detection  (Figure  B2) . Subjecting  100  yl  of  original  MeOH 
stock  solution  to  the  above  conditions  (Chror atogram  II), 
(Figure  B3)  gave  numerous  small  peaks  throughout  the  elution 
time  (one  hour) . Four  of  the  later  eluting  peaks  (some 
multiple  components)  were  collected  (JT-f5,  f6,  f7,  and  f8) 
for  further  characterization  by  other  methods.  Comparison 
of  this  sample  with  blank  run  (Chromatogram  III)  , (Figure  B4) 
indicates;  (1)  large  amounts  of  UV  absorbing  material  are 
eluting  with  the  sample  solvent,  and  (2)  there  is  a large 
amount  of  weakly  absorbing  UV  material  in  MeOH  extract 
giving  rise  to  the  higher  base  line.  The  collected  com- 
ponents eluted  in  the  general  range  of  benzo (a)pyrene  (BaP) , 
although  some  of  the  peaks  found  appear  to  correspond  to  the 
exact  elution  time  of  BaP. 

Aliquots  of  the  methanol-particulate  sample  slurry  were 
used  for  gas  chromatographic  (GC)  separation  and  GC-raass 
spectrometry  (MS)  survey  analyses.  In  the  GC  survey,  a 
Dexsil  300  column  was  used  under  programmed  temperature 
conditions.  This  column  allows  a good  survey  for  higher 
molecular  weight  species,  such  as  the  polynuclear  aromatic 
hydrocarbons.  The  GC  data  obtained  indicated  many  components 
in  this  range.  The  concentration  levels  of  the  species 
detected  were  estimated  to  be  1-10  x 10  g/ml  of  the  methanol 
sample  solution.  The  actual  mass  of  the  individual  species 
injected  was  0.01-0.1  x 10  ^ g assuming  proportional  volumes 
in  the  sample.  This  level  was  not  sufficient  to  allow  mass 
spectral  identification  with  the  present  equipment 
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Sample ; 

Chart : 

Col: 

Temp ; 

Pres : 

Attenuation ; 
Gradient : 
Detector ; 


100  yl  of  MeOH  extract 
0.1  ipm 

1 m X 2 . 1 mm  Permaphase  ODS-2 

SO^C 

450  psi 

8 X 10  absorbance  units 

70:30  to  30:70  (water/MeOH)  3%  linear 

UVo.:,. 


Figure  B3 


HIGH  PRESSURE  LIQUID  CHROMATOGRAPHY  TRACE  OF 
EXTRACTED  CARBON  RESIDUE  (CONCENTRATED) 
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Sample : 

Chart ; 

Col: 

Temp : 

Pres  ; 

Attenuation : 
Gradient : 

Detector : 


100  ul  of  MeOH  extract 
1.0  ipm 

1 m X 2 . 1 mm  Permaphase  ODS-2 

50“C 

450  psi 

8 X 10  absorbance  units 
70:30  to  30:70  (water/MeOH) 

3%  linear 
UVocA 


Figure  B4 

HIGH  PRESSURE  LIQUID  CHROMATOGRAPHY  TRACE  OF 
MeOH  (METHANOL)  BLANK 
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( 0.1  X 10~^  g injected  is  required).  Because  only  5 yl 
was  injected  into  the  GC  (with  a concentration  factor  of 
two) , back  calculation  gives  the  total  soot  sample  to  be 
approximately  0.4  mg.  Now  given  that  the  species  concen- 
trations must  be  significantly  greater  than  the  threshold 
values  of  the  instrument  (order  of  magnitude) , 40  mg  of 
sample  is  required.  In  order  to  achieve  this,  the  extract 
must  be  concentrated. 

It  is  to  be  noted  that  the  lighter  end  of  the  sample 
mixture  was  composed  principally  of  a series  of  methyl  esters. 
The  methyl  esters  of  C^,  C-j , Cg , and  acids  were  posi- 

tively confirmed  by  mass  spectral  data.  These  components 

_ 3 

are  present  at  the  1-10  x 10  g/ml  level.  An  aliquot  of 
the  sample  methanol  solution  analyzed  on  a Carbowax  20M 
column  (better  survey  of  the  lighter  end)  confirmed  the  pre- 
dominating presence  of  the  methyl  esters.  These  are  rela- 
tively surprising  data  in  that  a more  complex  mixture  of  com- 
ponents would  be  expected.  The  absence  of  high  concentrations 
of  hydrocarbons,  aromatics,  and  other  oxygenates  is  noteworthy 
when  considering  the  reported  compositions  of  exhausts.  The 
methyl  esters  detected  indicate  acids  as  the  original  sample 
components.  The  methanol  sample  solution  is  acidic  (pH  '\>l-2). 
Esterification  of  the  acids  by  methanol  would  have  proceeded 
readily.  The  predominating  odor  of  the  particulates  clearly 
indicates  organic  acids. 

The  minimum  mass  required  for  organic  analysis  was  not 
determined  directly  because  the  actual  sample  itself  was  too 
small  for  the  positive  identification  of  specific  compounds. 

In  performing  the  various  analyses,  it  turns  out  that  the 
mass  required  for  a weighable  extraction  is  approximately 
the  amount  needed  for  a class  separation  and  in  turn  this 
is  the  amount  required  for  a gas  chromatographic  analysis 
coupled  with  mass  spectrometry.  What  happens  is  that  each 
phase  of  the  analysis  has  an  improvement  in  sensitivity 
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proportional  to  the  reduction  in  mass  of  the  sample.  Whereas 
the  sample  was  only  slightly  too  small  for  a full  analysis, 
new  GC-MA  equipment  at  IITRl  will  improve  the  sensitivity 
by  at  least  an  order  of  magnitude.  This  translates  into  a 
rough  estimate  that  100  mg  will  be  an  adequate  sample  mass 
for  organic  analysis. 
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